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FOREWORD 

T h i s  r e p o r t  w a s  p r e p a r e d  by Aluminum 
Company o f  America u n d e r  c o n t r a c t  NAS8-20396 

A s s o c i a t e d  w i t h  S t r e s s  C o r r o s i o n  o f  Aluminum 
Al loys ' '  f o r  t h e  George  C. M a r s h a l l  S p a c e  F l i g h t  
. C e n t e r  o f  t h e  N a t i o n 9 1  A e r o n a u t i c s  and S p a c e  
A d m i n i s t r a t i o n .  The work w a s  a d m i n i s t e r e d  
u n d e r  t h e  t e c h n i c a l  d i r e c t i o n  o f  t h e  P r o p u l s i o n  
and V e h i c l e  E n g i n e e r i n g  L a b o r a t o r y ,  M a t e r i a l s  
D i v i s i o n ,  o f  t h e  George  C. M a r s h a l l  S p a c e  F l i g h t  
C e n t e r  w i t h  M r .  J .  G.  W i l l i a m s o n  a c t i n g  a s  
c o n t r a  c t i n  g o f f i c e r ' s r e p  r es e n t  a t  i ve  . 

. e n t i t l e d  " S t u d y  o f  Crack  I n i t i a t i o n  Phenomena 

A number o f  Alcoa  R e s e a r c h  L a b o r a t o r i e s  
p e r s o n n e l  made m a j o r  c o n t r i b u . t i o n s  t o  t h i s  work. 
D r .  W. G. F r i c k e ,  J r . ,  c o n d u c t e d  t h e  m i c r o p r o b e  
work and t h e  e l e c t r o n  m i c r o s c o p e  i n v e s t i g a t i o n s  
o f  c o r r o s i o n  t e s t  s p e c i m e n s .  M r .  D, L .  McLaughlin 
c o n d u c t e d  t h e  l i g h t  m i c r o s c o p e  i n v e s t i g a t i o n s .  
M r .  D. L .  Rob inson  c o n t r i b u t e d  t h e  t h i n - f o i l  
e l e c t r o n  m i c r o s c o p e  e x a m i n a t i o n s .  M r .  D. 0. Sprowls  
and M r .  J. D, Walsh s u p e r v i s e d  and c o n d u c t e d  t h e  
e n v i r o n m e n t a l  t e s t i n g  and c o n t r i b u t e d  t h e  s e c t i o n  
o f  t h i s  r e p o r t  d e a l i n g  w i t h  t h i s  work. 



ABSTRACT 

The i n i t i a t i o n  and development  o f  s t r e s s -  
c o r r o s i o n  c r a c k s  i n  heavy  p l a t e  o f  2219 and 7075 
a l l o y s  was i n v e s t i g a t e d .  Heavy p l a t e  o f  X7375 
(7075 w i t h o u t  C r )  was a l s o  u s e d  f o r  s p e c i f i c  
s t r u c t u r a l  compar i sons  e C o r r o s i o n  and s t r e s s -  
c o r r o s i o n  t e s t s  i n  a pH 1 NaCl-AlC13-HCl s o l u t i o n  
were made u s i n g  m e t a l l o g r a p h i c a l l y  p o l i s h e d  
u n s t r e s s e d  s p e c i m e n s ,  and  s p e c i a l  t u n i n g - f o r k  
s p e c i m e n s ,  t h e  most  h i g h l y  s t r e s s e d  r e g i o n  of  
which w a s  m e t a l l o g r a p h i c a l l y  p o l i s h e d  and masked 
j u s t  p r i o r  t o  e x p o s u r e .  

The  m a j o r i t y  o f  t h e  work w a s  c o n c e r n e d  
1 w i t h  t h e  e f f e c t  o f  m e t a l l u r g i c a l  s t r u c t u r e .  I n  

a l l  c r a c k - s u s c e p t i b l e  m a t e r i a l s ,  i n t e r g r a n u l a r  
c o r r o s i o n  and s t r e s s - c o r r o s i o n  c r a c k i n g  s t a r t e d  
and p r o g r e s s e d  i n  boundary  r e g i o n s .  With 2219 
a l l o y ,  t h i s  p a t h  w a s  t h e  b o u n d a r i e s  o f  t h e  
r e c r y s t a l l i z e d  g r a i n s ,  whereas  i n  7075 a l l o y ,  i t  
w a s  t h e  b o u n d a r i e s  o f  f r a g m e n t  c l u s t e r s ,  which 
were t h e  b o u n d a r i e s  o f  " f o r m e r "  g r a i n s  Cracks  
formed on b o u n d a r i e s  o r i e n t e d  p e r p e n d i c u l a r l y  t o  
t h e  s t r e s s i n g  d i r e c t i o n ,  w i t h  t h e  r e s u l t  t h a t  
boundary  o r i e n t a t i o n  and d i r e c t i o n a l i t y  o f  
s t r u c t u r e  were o f  t h e  u tmos t  i m p o r t a n c e .  I n  7075 
a l l o y ,  which had  a n  u n r e c r y s t a l l i z e d  s t r u c t u r e ,  
c r a c k s  d e v e l o p e d  and  p r o p a g a t e d  r a p i d l y  u n d e r  
s h o r t - t r a n s v e r s e  s t r e s s  b e c a u s e  t h e  s t r u c t u r e  
w a s  h i g h l y  e l o n g a t e d  i n  t h e  r o l l i n g  d i r e c t i o n ,  
which o r i e n t e d  t h e  b o u n d a r i e s  p e r p e n d i c u l a r  t o  
t h e  s t r e s s .  A s i m i l a r  s i t u a t i o n  p r e v a i l e d  i n  
2219 a l l o y  b e c a u s e  o f  t h e  d i r e c t i o n a l i t y  o f  t h e  
r e c r y s t a l l i z e d  s t r u c t u r e  and t h e  p r e s e n c e  o f  
s e r i e s  o f  f a v o r a b l y  o r i e n t e d  b o u n d a r i e s  
p e r p e n d i c u l a r  t o  t h e  s h o r t - t r a n s v e r s e  s t r e s s .  

m i c r o s t r u c t u r a l  f e a t u r e  t h a t  i n f l u e n c e d  c r a c k  
i n i t i a t i o n  or p r o p a g a t i o n .  The c o n s t i t u e n t  
p a r t i c l e s ,  zones  and p r e c i p i t a t e s  w i t h i n  g r a i n s  
h a d  no d i r e c t  e f f e c t  b e c a u s e  t h e y  were n o t  
l o c a t e d  where c r a c k i n g  o c c u r r e d .  Boundary 
p r e c i p i t a t e  p a r t i c l e s  a l s o  h a d  no d i r e c t  e f f e c t  
and  no e v i d e n c e  w a s  f o u n d  t h a t  d i s l o c a t i o n s  were 
a s s o c i a t e d  w i t h  c r a c k i n g .  M i c r o s t r u c t u r a l  
f e a t u r e s ,  s u c h  a s  zones  and p r e c i p i t a t e  p a r t i c l e s ,  
may h a v e  an  i n d i r e c t  e f f e c t  o n  c r a c k  i n i t i a t i o n  
b e c a u s e  t h e i r  f o r m a t i o n  and development  w i l l  
i n f l u e n c e  t h e  l o c a l i z e d  e l e c t r o c h e m i c a l  r e l a t i o n -  
s h i p s  a t  b o u n d a r i e s .  

T h i s  i n v e s t i g a t i o n  r e v e a l e d  no o t h e r  



I n  a b r i e f  i n v e s t i g a t i o n ,  it w a s  shown 
t h a t  t h e  pronounced  e f f e c t  o f  s t r e s s i n g  d i r e c t i o n  
i s  r e l a t e d  t o  g r a i n  s h a p e  and s t r u c t u r a l  o r i e n t a t i o n .  
C r a c k s  formed w i t h  e q u a l  ease  u n d e r  s h o r t - t r a n s v e r s e  
and l o n g i t u d i n a l  s t r e s ses  i n  b o t h  2219 and 7075 
a l l o y s ,  b u t  p r o p a g a t i o n  was b l o c k e d  w i t h  l o n g i t u d i n a l  
s t r e s ses  b e c a u s e  f a v o r a b l y  o r i e n t e d  b o u n d a r i e s  were 
n o t  a v a i l a b l e .  Even where f a v o r a b l e  boundary  
s e g m e n t s  were p r e s e n t  o n  an  exposed  s u r f a c e ,  s u b -  
s u r f a c e  p r o p a g a t i o n  w a s  p r e v e n t e d  b e c a u s e  boundary  
o r i e n t  a t i o n s  were u n f a v o r a b l e  

S u r f a c e  i r r e g u l a r i t i e s  i n  t h e  fo rm o f  
p i t s  d e v e l o p e d  by d i s s o l u t i o n  o f  m i c r o c o n s t i t u e n t s ,  
a r t i f i c i a l l y  i n d u c e d  c u b i c  p i t s ,  and f i n e  s c r a t c h e s ,  
a l s o  had  no e f f e c t  on c r a c k  i n i t i a t i o n  o r  p r o p a g a t i o n .  
I f  3uch f e a t u r e s  were p r e s e n t  a t  a boundary ,  a 
c r a c k  would be  a s s o c i a t e d  w i t h  them, b u t  t h e  
c o n t r o l l i n g  f e a t u r e  w a s  t h e  boundary  and n o t  t h e  
i r r e g u l a r i t y .  

I n c r e a s i n g  t h e  s t r e s s  i n c r e a s e d  t h e  r a t e  
o f  c r a c k  f o r m a t i o n  and d e c r e a s e d  t h e  number o f  
m a j o r  c r a c k s ,  b u t  d i d  n o t  a l t e r  t h e  mechanism o f  
c r a c k  i n i t i a t i o n  i n  The p a r t i c u l a r  m a t e r i a l s  u s e d .  

S u r f a c e  f i l m s  formed i n  a i r  d e l a y e d  
c r a c k  i n i t i a t i o n  w i t h  a r e l a t i o n s h i p  s i m i l a r  t o  
t h a t  t y p i c a l  o f  n a t u r a l  film f o r m a t i o n .  T h i s  
i n d i c a t e d  t h a t  t h e  t i m e  r e q u i r e d  f o r  c r a c k  
i p i t i a t i o n  may r e p r e s e n t  t h e  t ime  r e q u i r e d  f o r  
t h e  env i ronmen t  t o  b r e a c h  t h e  e x i s t i n g  f i l m .  
T h i s  l e a d s  t o  t h e  h y p o t h e s i s  t h a t  t h e  a b i l i t y  
o f  e n v i r o n m e n t s  t o  form o r  d i s s o l v e  f i l m s  may 
d e t e r m i n e  w h e t h e r  c r a c k i n g  w i l l  o r  w i l l  n o t  o c c u r .  

A t  t h i s  p o i n t  i n  t h e  c o n t r a c t ,  t h e  two 
most i m p o r t a n t  f a c t o r s  i n  c r a c k  i n i t i a t i o n  a p p e a r  
t o  be  (1) g r a i n  s h a p e ,  s t r u c t u r a l  d i r e c t i o n a l i t y  
and r e c r y s t a l l i z a t i o n ,  which c o n t r o l  t h e  
o r i e n t  a t  i o n  o f  c o r r o s i o n - s  u s  c e p t  i b l e  boundary  
p a t h s  w i t h  r e s p e c t  t o  t h e  s t r e s s i n g  d i r e c t i o n ,  
and ( 2 )  t h e  e l e c t r o c h e m i c a l  r e l a t i o n s h i p s  
e x i s t i n g  a t  b o u n d a r i e s  which c o n s t i t u t e  t h e s e  
s u s c e p t i b l e  p a t h s .  O t h e r  f a c t o r s  a p p e a r  t o  
h a v e  no d i r e c t  e f f e c t ,  a l t h o u g h  t h e  f o r m a t i o n  o f  
zones  and p r e c i p i t a t e s  accompanies  t h e  f o r m a t i o n  
o f  t h e  s u s c e p t i b l e  p a t h s  and p r o b a b l y  h a s  a n  
i n d i r e c t  i n f l u e n c e  on  t h e  l o c a l i z e d  e l e c t r o c h e m i c a l  
r e l a t i o n s h i p s .  



The s t r e s s - c o r r o s i o n  c r a c k i n g  o e n g t h  

aluminum a l l o y s  h a s  been  o f  c o n c e r n  t o  t h e  s t r u c t u r a l  d e s i g n e r  

f o r  more t h a n  a q u a r t e r  o s e a r c h  f o r  a 

c u r e s ,  t h e  m e  

s t h a t  o n e  must  c o n c l u d e  t h a  

s t r e s s - c o r r o s i o n  

o f  c i r c u m k t a n c e s  

e many p o s s i b l e  

I n  t h e  e x t e n s i v e  i n v e s t i g a t i o n  o f  t h e  mec 

! i 

s been  f o c u s e d  p r i m a r i l y  on 

t h e  c o m p o s i t i o n s  a 

c r a c k  i n i t i a t  

c e r t a i n l y  w i l l  r e s u l t .  T h u s ,  it i s  t h e  i n i t i a t i o n  o f  t h e  
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c r a c k ,  and t h e  f a c t o r s  r e l a t e d  t o  i n i t i a t i o n ,  t h a t  d e t e r m i n e  

w h e t h e r  a p a r t  w i l l  s u r v i v e  o r  f a i l .  

SCOPE OF INVESTIGATION 

The b r o a d  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  h a s  been  t o  

d e v e l o p  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  mechanisms o f  s t r e s s  

c o r r o s i o n  o f  commerc ia l  h i g h - s t r e n g t h  aluminum a l l o y s  by a 

comprehens ive  a n a l y s i s  o f  f a c t o r s  which might  a f f e c t  c r a c k  

i n i t i a t i o n .  I n  t h e  f i r s t  y e a r  o f  t h e  c o n t r a c t ,  t h e  p r i n c i p a l  

emphas i s  h a s  been  on  t h e  r e l a t i o n  o f  c r a c k  i n i t i a t i o n  s i t e s  t o  

t h e  i n t e r n a l  m e t a l l u r g i c a l  s t r u c t u r e  o f  t h e  aluminum a l l o y .  

T h i s  o b j e c t i v e  i s  b e i n g  a c h i e v e d  by (1) a n a l y s e s  of  s t r u c t u r e ,  

u s i n g  t h e  l i g h t  and e l e c t r o n  m i c r o s c o p e s ,  X-ray d i f f r a c t i o n  and  

t h e  m i c r o p r o b e ,  ( 2 )  m i c r o s c o p e  o b s e r v a t i o n  o f  c o r r o s i o n  i n  t h e  

a b s e n c e  o f  s t r e s s  and (3)  m i c r o s c o p e  o b s e r v a t i o n  o f  c r a c k  

i n i t i a t i o n  i n  a s t r e s s e d  spec imen d e v e l o p e d  s p e c i a l l y  f o r  t h i s  

c o n t r a c t .  

O t h e r  o b j e c t i v e s  o f  t h e  p rogram d e a l  w i t h  f a c t o r s  

e x t e r n a l  t o  t h e  m e t a l  i t s e l f .  Among t h e s e  a r e  (1) s u r f a c e  

r o u g h n e s s  i n  t h e  fo rm o f  i n d i v i d u a l  t o p o g r a p h i c a l  i r r e g u -  

l a r i t i e s ,  ( 2 )  s u r f a c e  f i l m  d e v e l o p e d  n a t u r a l l y  i n  a i r  o r  

a r t i f i c i a l l y  by c h e m i c a l  o r  e l e c t r o c h e m i c a l  means,  ( 3 )  s t r e s s  

l e v e l  and ( 4 )  e n v i r o n m e n t .  Dur ing  t h e  f i r s t  y e a r  o f  t h e  

c o n t r a c t ,  c e r t a i n  phenomena r e l a t e d  t o  t h e  f i r s t  t h r e e  of 

t h e s e  f a c t o r s  were i n v e s t i g a t e d ,  A l s o ,  s t r e s s - c o r r o s i o n  

s c r e e n i n g  t e s t s  were made i n  a v a r i e t y  o f  e n v i r o n m e n t s  t o  

s e l e c t  l i k e l y  s o l u t i o n s  f o r  t h e  i n v e s t i g a t i o n  o f  c r a c k  

i n i t i a t i o n .  
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MATERIALS 

The  m a j o r i t y  o f  t h e  work t o  d a t e  h a s  b e e n . w i t h  two 

a l l o y s  o f  two d i f f e r e n t  t ypes :  2219, r e p r e s e n t i n g  t h e  A1-Cu 

t y p e  o f  h i g h - s t r e n g t h  a l l o y ,  and 7075 a l l o y ,  r e p r e s e n t i n g  t h e  

Al-Zn-Mg-Cu t y p e .  T h e s e  a l l o y s  d i f f e r  g r e a t l y  i n  t h e  s t r u c t u r a l  

f e a t u r e s  t h a t  migh t  c o n t r i b u t e  t o  t h e  i n i t i a t i o n  o f  s t r e s s -  

c o r r o s i o n  c r a c k s . .  Both h a v e  m i c r o c o n s t i t u e n t s  c o n t a i n i n g  t h e  

i n s o l u b l e  i m p u r i t y  e l e m e n t s ,  and  d i s p e r s o i d  p a r t i c l e s  d e v e l o p e d  

d u r i n g  p r e h e a t i n g ,  b u t  t h e  c o m p o s i t i o n s  of  t h e s e  p h a s e s  and  t h e  

e l e c t r o c h e m i c a l  r e l a t i o n s h i p s  be tween m a t r i x ,  c o n s t i t u e n t s  and 

d i s p e r s o i d s  a r e  e n t i r e l y  d i f f e r e n t .  T h e s e  a l l o y s  a l s o  d i f f e r  

i n  t h e  t y p e  o f  p r e c i p i t a t e  p a r t i c l e s  d e v e l o p e d  d u r i n g  p r e c i p i -  

t a t i o n  h a r d e n i n g ,  t h e  e l e c t r o c h e m i c a l  p o t e n t i a l  o f  t h e  

p r e c i p i t a t i n g  p h a s e s  a n d ,  t h e r e f o r e ,  i n  t h e  e l e c t r o c h e m i c a l  

p o t e n t i a l  of  t h e  s o l u t e - d e p l e t e d  m a t r i x .  The a l l o y s  encompass 

n o t  o n l y  t h e  two most i m p o r t a n t  t y p e s  o f  h i g h - s t r e n g t h  aluminum 

a l l o y s ,  b u t  a l s o  a l l o y  t y p e s  which would be  e x p e c t e d  t o  e x h i b i t  

s i g n i f i c a n t l y  d i f f e r e n t  mechanisms o f  c r a c k  i n i t i a t i o n .  

The a l l o y  X7375 h a s  been  u s e d  t o  some e x t e n t  b e c a u s e  

it i s  o f  t h e  same a l l o y  t y p e  a s  7075 b u t  d i f f e r s  i n  s e v e r a l  

i m p o r t a n t  r e s p e c t s  Because  X7375 d o e s  n o t  c o n t a i n  chromium, 

it h a s  i n f e r i o r  r e s i s t a n c e  t o  s t ress  c o r r o s i o n  and,  f o r  t h e  

same r e a s o n ,  it r e c r y s t a l l i z e s  t o  an  e q u i a x e d  s t r u c t u r e  on  

, h e a t - t r e a t m e n t  ., 

The a l l o y s  were o b t a i n e d  a s  p l a n t - f a b r i c a t e d  h e a v y  

p l a t e .  T h i s  fo rm w a s  s e l e c t e d  b e c a u s e  o f  t h e  i n f e r i o r  s t r e s s -  

c o r r o s i o n  r e s i s t a n c e  o f  c e r t a i n  t e m p e r s  a s s o c i a t e d  w i t h  (1) t h e  

i n a b i l i t y  t o  o b t a i n  a r a p i d  quench w i t h  t h i c k  s e c t i o n s ,  and  
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( 2 )  t h e  d i r e c t i o n a l i t y  of s t r u c t u r e .  The  m a j o r i t y  of  t h e  work 

w a s  pe r fo rmed  o n  4" p l a t e  o f  2219 a l l o y  and  3" p l a t e  o f  7075 

and X7375 a l l o y s .  F o r  t e s t s  t o  c o n f i r m  f i n d i n g s  and a s s u r e  

r e p r e s e n t a t i v e  r e s u l t s ,  o t h e r  l o t s  o f  2-1/2" t h i c k  2219 and 

7075 a l l o y  p l a t e  were u s e d .  A l l  t e s t s  and e x a m i n a t i o n s  were 

made a t  a l o c a t i o n  1" below t h e  s u r f a c e  o f  t h e  p l a t e  t o  be  i n  

t h e  r e g i o n  o f  r e l a t i v e l y  s l o w  c o o l i n g  d u r i n g  quench ing .  

The 2219 a l l o y  p l a t e  w a s  r e c e i v e d  i n  t h e  T 3 5 1  and 

T 3 7  t e m p e r s  which h a v e  r e l a t i v e l y  p o o r  r e s i s t a n c e  t o  s t r e s s  

c o r r o s i o n .  The s t r e s s - c o r r o s i o n  r e s i s t a n t  T 8 5 1  and T 8 7  t e m p e r s  

were o b t a i n e d  by a p p l y i n g  a d d i t i o n a l  a g i n g .  The 7075 and X7375 

a l l o y  items were h e a t - t r e a t e d ,  quenched  and aged i n  t h e  l a b o r a -  

t o r y .  Samples  were r e t a i n e d  i n  t h e  a s -quenched  (W) t e m p e r  f o r  

me" ta l1ographic  e x a m i n a t i o n s ,  b u t  t h e  m a j o r i t y  were aged  t o  t h e  

s t r e s s - c o r r o s i o n  p r o n e  T 6  t e m p e r  and t h e  r e s i s t a n t  T 7 3  t e m p e r .  

The  a r t i f i c i a l  a g i n g  t r e a t m e n t s  a p p l i e d  t o  X7375 

were t h e  same a s  t h o s e  u s e d  w i t h  7075 a l l o y .  I t  w a s  known t h a t  

X7375 d o e s  n o t  a g e  a s  r a p i d l y  a s  7075 a l l o y  b e c a u s e  it d o e s  

n o t  c o n t a i n  chromium. C o n s e q u e n t l y ,  it w a s  e x p e c t e d  t h a t  t h e  

T 7 3  t r e a t m e n t w u l d  n o t  d e v e l o p  a n  immunity t o  s t r e s s - c o r r o s i o n  

c r a c k i n g  a s  it d o e s  i n  7075 a l l o y .  The p r i m a r y  p u r p o s e  o f  

i n c l u d i n g  X7375 a l l o y ,  however ,  w a s  t o  e x p l o r e  t h e  e f f e c t s  o f  

s t r u c t u r a l  d i r e c t i o n a l i t y ,  r e c r y s t a l l i z a t i o n ,  and g r a i n  s h a p e  

i n  stress-corrosion-susceptible m a t e r i a l .  T h i s  c o n d i t i o n  

would be met i f  e i t h e r  t e m p e r  were s u s c e p t i b l e  t o  s t ress -  

c o r r o s i o n  c r a c k i n g .  
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To a s s u r e  t h a t  t h e  m a t e r i a l s  were r e p r e s e n t a t i v e  o f  

t h e i r  p a r t i c u l a r  a l l o y s  and t e m p e r s ,  a number of  a n a l y s e s ,  

t e s t s  and measurements  were made. The r e s u l t s ,  which a r e  sum- 

m a r i z e d  i n  T a b l e s  I - V I I I ,  a r e  t y p i c a l  f o r  t h e  r e s p e c t i v e  

m a t e r i a l s  and t r e a t m e n t s .  I n  t h e  c a s e  o f  X7375, t h e  s l o w e r  

r e a c t i o n  t o  a g i n g  i s  i l l u s t r a t e d  by t h e  i n t e r g r a n u l a r  a t t a c k  

and s t r e s s - c o r r o s i o n  c r a c k i n g  o f  t h e  T73- type  t e m p e r .  

PROCEDURE AND RESULTS 

E f f e c t  o f  M e t a l l u r q i c a l  S t r u c t u r e  

The p r i m a r y  c o n c e r n  o f  t h e  c o n t r a c t  work d u r i n g  t h e  

p e r i o d  c o v e r e d  by t h i s  r e p o r t  w a s  t h e  r e l a t i o n s h i p  be tween 

c r a c k  i n i t i a t i o n  and i n t e r n a l  m e t a l l u r g i c a l  s t r u c t u r e .  The 

a p p r o a c h  u s e d  w a s  f i r s t  t o  d e f i n e  t h e  s t r u c t u r e  o f  t h e  a l l o y s  

u s i n g  l i g h t  m i c r o s c o p y ,  e l e c t r o n  m i c r o s c o p y ,  X-ray  d i f f r a c t i o n  

and t h e  m i c r o p r o b e .  Then t h e  i n i t i a t i o n  and p r o g r e s s  o f  

c o r r o s i o n  i n  t h e  a b s e n c e  o f  s t r e s s  was a n a l y z e d  and r e c o r d e d  

u s i n g  l i g h t  and e l e c t r o n  m i c r o s c o p y .  T h i s  d e f i n e d  t h e  e l e c t r o -  

c h e m i c a l  r e l a t i o n s h i p s  and a n o d i c  s i t e s  e x i s t i n g  i n  t h e  

m a t e r i a l  i n  r e l a t i o n  t o  m i c r o s t r u c t u r e .  F i n a l l y ,  t h e  i n i t i a t i o n  

and e a r l y  deve lopment  o f  c r a c k s  i n  s t r e s s e d  spec imens  were 

o b s e r v e d  and r e c o r d e d  u s i n g  l i g h t  and  e l e c t r o n  mic roscopy .  

Compar isons  were t h e n  made t o  d e f i n e  t h e  f u n c t i o n  o f  t h e  

v a r i o u s  m i c r o s t r u c t u r a l  f e a t u r e s  i n  c r a c k  i n i t i a t i o n .  

Ch a r a  c t e r i  z a t  i o  n o f Mat e r i  a 1 

L i q h  t M i  c r o  s t r u  c t u r e  

I n  a n a l y z i n g  and r e c o r d i n g  t h e  l i g h t  m i c r o s t r u c t u r e s  

o f  t h e  c o n t r a c t  m a t e r i a l s ,  , s e c t i o n s  were t a k e n  i n  t h e  
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l o n g i t u d i n a l  ( Y Z )  and t r a n s v e r s e  (XZ) p lanes* .  By examining  

t h e s e  two m u t u a l l y  p e r p e n d i c u l a r  p l a n e s ,  t h e  d i r e c t i o n a l i t y  

o f  s t r u c t u r e  and g r a i n  s h a p e ,  a s  w e l l  a s  t h e  c o n s t i t u e n t  and 

p r e c i p i t a t e  p h a s e s ,  were r e v e a l e d .  Samples  were t a k e n  from a 

l o c a t i o n  1" below t h e  p l a t e  s u r f a c e  and a t  l e a s t  t h a t  d i s t a n c e  

f rom any  s u r f a c e  exposed  d u r i n g  quench ing ,  and were p r e p a r e d  by 

. c o n v e n t i o n a l  m e t a l l o g r a p h i c  p r o c e d u r e s .  The  a r r a y s  o f  mic ro -  

c o n s t i t u e n t  p a r t i c l e s  were o b s e r v e d  on a s - p o l i s h e d  s u r f a c e s  a t  

500 d i a m e t e r s  m a g n i f i c a t i o n .  G e n e r a l  m i c r o s t r u c t u r e ,  d i r e c t i o n -  

a l i t y ,  and g r a i n  s h a p e  were a p p a r e n t  a t  lOOX m a g n i f i c a t i o n  a f t e r  

e t c h i n g  i n  K e l l e r s s  e t c h .  The f i n e r  s t r u c t u r e s  were s e e n  on  

e t c h e d  spec imens  a t  a m a g n i f i c a t i o n  o f  500 d i a m e t e r s .  I n  a l l  

m i c r o g r a p h s  of  e t c h e d  spec imens ,  t h e  p r e c i p i t a t e  p a r t i c l e  a p p e a r s  

l a r g e r  t h a n  i t s  a c t u a l  s i z e  b e c a u s e  o f  t h e  e x a g g e r a t i n g  e f f e c t  

o f  t h e  e t c h .  

A l l o v  2219 

L i g h t  m i c r o s t r u c t u r e s  of  t h e  2219-T351 p l a t e  a r e  shown 

by F i g u r e s  1 t o  3, T h i s  t e m p e r  i s  c h a r a c t e r i z e d  by h i g h  g r a i n  

c o n t r a s t  ( F i g s .  1 and 2 )  b e c a u s e  o f  t h e  h i g h  amount o f  c o p p e r  

i n  s o l i d  s o l u t i o n .  A t  l ow m a g n i f i c a t i o n ,  i n d i c a t i o n s  o f  t h e  

d e n d r i t i c  i n g o t  s t r u c t u r e  r ema in  ( F i g .  l), and t h e  g r a i n s  a r e  

f a i r l y  e q u i a x e d  i n  t h e  t r a n s v e r s e  s e c t i o n  and e l o n g a t e d  i n  t h e  

l o n g i t u d i n a l  s e c t i o n .  A t  h i g h e r  m a g n i f i c a t i o n  ( F i g .  2 ) ,  

boundary  p r e c i p i t a t e  p a r t i c l e s  a r e  a p p a r e n t ,  and " w h i t e  

b o u n d a r i e s " ,  i n d i c a t i n g  m a t r i x  d e p l e t i o n  i n  boundary  r e g i o n s ,  

a r e  e v i d e n t .  I n  t h e  a s - p o l i s h e d  c o n d i t i o n  ( F i g .  3 ) ,  t h e  

*Based on  a s s u m p t i o n  t h a t  X i s  t r a n s v e r s e  t o  t h e  r o l l i n g  
d i r e c t i o n ,  Y i s  t h e  r o l l i n g  d i r e c t i o n ,  and Z i s  t h e  t h i c k n e s s  
d i r e c t i o n .  
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c o n s t i t u e n t  a r r a y s  and l a r g e r :  g r a i n  boundary  p r e c i p i t a t e  p a r t i c l e s  

a r e  s e e n .  I n  t h e  l o n g i t u d i n a l  s e c t i o n ,  t h e  s t r i n g i n g  o u t  o f  t h e  

c o n s t i t u e n t  p a r t i c l e s  i n  t h e  r o l l i n g  d i r e c t i o n  i s  a p p a r e n t .  

The  l i g h t  m i c r o s t r u c t u r e  o f  t h e  p l a t e  i n  t h e  T 3 7  

t e m p e r  w a s  t h e  same a s  t h a t  of t h e  T 3 5 1  t emper .  T h i s  was 

e x p e c t e d  b e c a u s e  t h e  h i g h e r  amount o f  c o l d  work a f t e r  quench ing  

d o e s  n o t  b r i n g  a b o u t  a . n o t i c e a b l e  change  i n  t h e  m i c r o s t r u c t u r e .  

Very  d e f i n i t e  changes  i n  l i g h t  m i c r o s t r u c t u r e  r e s u l t e d  

f r o m  t h e  a r t i f i c i a l  a g i n g  t r e a t m e n t s ,  I n  t h e  T 8 5 1  t e m p e r ,  

p roduced  by a g i n g  t h e  T 3 5 1  t e m p e r  f o r  18 h o u r s  a t  250°F, t h e  

g r a i n  c o n t r a s t  i s  r e d u c e d  c o n s i d e r a b l y  ( F i g .  4 )  b e c a u s e  o f  t h e  

d e p l e t i o n  o f  c o p p e r  i n  s o l i d  s o l u t i o n  i n  t h e  m a t r i x  t h a t  

accompanied p r e c i p i t a t i o n .  Also, t r a c e r i e s  o f  s l i p  p l a n e  

p r e c i p i t a t i o n  a r e  a p p a r e n t  a s  a s t r e a k i n g  o r  c r o s s - h a t c h i n g  

o f  most g r a i n s .  T h i s  s l i p  p l a n e  p r e c i p i t a t i o n  i s  r e v e a l e d  

more c l e a r l y  a t  h i g h  m a g n i f i c a t i o n  ( F i g .  5), where t h e  g e n e r a l  

m a t r i x  p r e c i p i t a t e ,  g r a i n  boundary  p r e c i p i t a t e  and d e p l e t e d  

boundary  r e g i o n s  c h a r a c t e r i s t i c  o f  t h i s  t e m p e r  c a n  be s e e n .  

The changes  i n  l i g h t  m i c r o s t r u c t u r e  were c o n f i n e d  t o  t h e  f i n e r  

s t r u c t u r e s ,  and  were n o t  e v i d e n t  i n  t h e  a s - p o l i s h e d  c o n d i t i o n ,  

where t h e  d i s t r i b u t i o n  of  c o n s t i t u e n t s  and  l a r g e  boundary  

p r e c i p i t a t e s  w a s  t h e  same a s  i n  t h e  T 3 5 1  t e m p e r ,  b e c a u s e  t h e s e  

f e a t u r e s  a r e  n o t  a l t e r e d  by a r t i f i c i a l  a g i n g .  

The s t r u c t u r e  o f  t h e  T 8 7  t e m p e r ,  p roduced  by  

a r t i f i c i a l l y  a g i n g  t h e  T 3 7  t e m p e r  f o r  24 h o u r s  a t  3250F,  d i f f e r e d  

i n  two r e s p e c t s  f rom t h a t  o f  t h e  T 8 5 1  t e m p e r .  Copper  d e p l e t i o n  

o f  t h e  m a t r i x  was g r e a t e r ,  a s  i n d i c a t e d  by t h e  l o w e r  g r a i n  

c o n t r a s t  a f t e r  e t c h i n g  ( F i g .  6 ) .  I n  a d d i t i o n  t o  t h e  
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d i f f e r e n c e s  i n  s o l i d  s o l u t i o n  c o n t e n t ,  t h e  m a t r i x  p r e c i p i t a t i o n  

i n  t h e  T 8 7  t e m p e r  w a s  d i s t r i b u t e d  g e n e r a l l y  and was n o t  a l i g n e d  

a l o n g  s l i p  p l a n e s  ( F i g .  7 v s  F i g ,  5 ) .  

The  h i g h e r  power e x a m i n a t i o n  o f  e t c h e d  spec imens  

( F i g s .  2, 5 and 7 )  r e v e a l e d  t h a t  a t  l e a s t  two t y p e s  o f  mic ro -  

c o n s t i t u e n t s  were p r e s e n t  and were common t o  a l l  t e m p e r s .  On 

t h e  b a s i s  o f  e t c h i n g  c h a r a c t e r i s t i c s ,  t h o s e  p r e s e n t  i n  t h e  

g r e a t e s t  number and h a v i n g  a d a r k  a p p e a r a n c e  a r e  p r i m a r i l y  t h e  

i n s o l u b l e  i r o n - b e a r i n g  p h a s e  Cu2FeA17. The rounded p a r t i c l e s ,  

fewer  i n  number and r e t a i n i n g  a w h i t e  a p p e a r a n c e ,  a r e  p r o b a b l y  

p a r t i c l e s  o f  t h e  c o p p e r - b e a r i n g  p h a s e  CuA12. 

s o l u b l e  i n  aluminum b u t ,  b e c a u s e  o f  t h e  h i g h  c o p p e r  c o n t e n t  o f  

2219 a l l o y ,  it i s  n o t  u n u s u a l  t o  s ee  some p a r t i c l e s  i n  t h e  

T h i s  p h a s e  i s  

m i c r o s t r u c t u r e .  T h e r e  may a l s o  b e  some p a r t i c l e s  o f  t h e  

A112(Fe,Mn)3Si p h a s e  which h a v e  been  found  i n  2219 a l l o y .  

A l l o v  7075 

The g e n e r a l  m i c r o s t r u c t u r e  o f  t h e  7075  a l l o y  p l a t e  

w a s  s i m i l a r  i n  b o t h  t h e  T 6  and T73 t e m p e r s ,  and c o n s i s t e d  of  

a g g r e g a t i o n s  o f  i r r e g u l a r l y  shaped  " g r a i n s " ,  e l o n g a t e d  some- 

what i n  t h e  t r a n s v e r s e  d i r e c t i o n  and h i g h l y  e l o n g a t e d  i n  t h e  

l o n g i t u d i n a l  d i r e c t i o n  ( F i g .  8 ) .  These  p s e u d o - g r a i n s  were 

a c t u a l l y  c l u s t e r s  o f  g r a i n  f r a g m e n t s ,  f o r  t h e  p l a t e  was 

u n r e c r y s t a l l i z e d .  The  c l u s t e r s  r e p r e s e n t e d  f o r m e r  g r a i n s ,  o r  

p a r t s  o f  s u c h  g r a i n s ,  which h a d  been  b r o k e n  up d u r i n g  f a b r i -  

c a t i o n  and h a d  b e e n  a l i g n e d  i n  t h e  r o l l i n g  d i r e c t i o n .  From 

t h e  s i z e  and s h a p e  o f  t h e  f r a g m e n t  c l u s t e r s ,  and t h e  f a b r i c a -  

t i o n  s e q u e n c e  u s e d  i n  t h e  m a n u f a c t u r e  o f  h e a v y  p l a t e ,  t h e  

" f o r m e r "  a r a i n s  were a l m o s t  c e r t a i n l y  q r a i n s  f rom t h e  o r i q i n a l  a . -  
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i n g o t  o r  g r a i n s  which formed d u r i n g  t h e  e a r l y  s t a g e s  o f  h o t  

r o l l i n g .  

Based o n  t h e  s t r u c t u r e  o f  t h e  p l a t e ,  it a p p e a r s  t h a t ,  

a s  t h e  "former" g r a i n s  were deformed d u r i n g  f a b r i c a t i o n ,  some 

o f  t h e  g r a i n  b o u n d a r i e s  were e x t e n s i v e l y  b r o k e n  and t h e i r  

c o n t i n u i t y  w a s  d e s t r o y e d .  O t h e r s  however ,  m a i n t a i n e d  t h e i r  

i d e n t i t y  and a r e  a p p a r e n t  i n  t h e  s t r u c t u r e  o f  t h e  f i n a l  p r o d u c t .  

C o n s i d e r i n g  t h e  f o r c e s  a t  work d u r i n g  f a b r i c a t i o n  of  t h e  p l a t e ,  

f r a g m e n t a t i o n  o f  a g r a i n  boundary  would b e  r e l a t e d  t o  i t s  a n g l e  

w i t h  r e s p e c t  t o  t h e  r o l l i n g  d i r e c t i o n .  Those  a t  a n  a n g l e  t o  

t h e  r o l l i n g  d i r e c t i o n  would t e n d  t o  be  b r o k e n  and d i s p e r s e d ,  

whereas  t h o s e  p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  would t e n d  t o  

b e  e l o n g a t e d  r a t h e r  t h a n  b r o k e n .  I t  i s  b e l i e v e d  t h a t  t h i s  

a c c o u n t s  f o r  t h e  f a c t  t h a t  i n  t h e  f i n a l  p r o d u c t  t h e  most 

p rominen t  " f o r m e r "  b o u n d a r i e s  a r e  g e n e r a l l y  t h o s e  p a r a l l e l  t o  

t h e  r o l l i n g  d i r e c t i o n .  A s  w i l l  be  d i s c u s s e d  l a t e r ,  t h e s e  

p a r t i c u l a r  b o u n d a r i e s  p l a y  a v i t a l  p a r t  i n  t h e  s t r e s s - c o r r o s i o n  

p r o c e s s  

A t  l ow m a g n i f i c a t i o n ,  t h e  s t r u c t u r e  o f  t h e  7075-T6 

p l a t e  ( F i g .  8 )  c o n s i s t s  p r i m a r i l y  o f  t h e  a g g r e g a t i o n s  of g r a i n  

f r a g m e n t s ,  t h e  b o u n d a r i e s  of which a r e  h i g h l y  e l o n g a t e d  i n  t h e  

r o l l i n g  d t r e c t i o n .  I n  t h e  T 7 3  t e m p e r ,  t h e  same t y p e  o f  g r a i n  

c o n f i g u r a t i o n  i s  a p p a r e n t .  I n  a d d i t i o n ,  a d a r k e n i n g  o f  t h e  

m a t r i x  d e v e l o p s  on e t c h i n g ,  p r o b a b l y  a s  a r e s u l t  o f  t h e  

a d d i t i o n a l  p r e c i p i t a t i o n  d e v e l o p e d  by t h e  e x t e n d e d  a g i n g  

t r e a t m e n t .  

The f r a g m e n t e d  g r a i n  s t r u c t u r e ,  c e r t a i n  o f  t h e  

p r e c i p i t a t e  s t r u c t u r e s  and  t h e  e x t r e m e  e l o n g a t i o n  o f  b o u n d a r i e s  
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i n  t h e  7075 a l l o y  p l a t e  a r e s h o w n  i n  F i g .  9. I n  b o t h  t h e  T 6  and 

T 7 3  t e m p e r s ,  c o n s i d e r a b l e  boundary  p r e c i p i t a t e  i s  a p p a r e n t ,  

t h e  m a j o r i t y  o c c u r r i n g  on  I' f o r m e r "  g r a i n  b o u n d a r i e s .  T h i s  

p r e c i p i t a t e  w a s  a l s o  p r e s e n t  i n  t h e  -W t e m p e r ,  i n d i c a t i n g  t h a t  

it d e v e l o p e d  d u r i n g  t h e  quench .  I n  t h e  T 6  t e m p e r  ( F i g .  9 - t o p )  

t h e r e  i s  o n l y  a minor  s p e c k l i n g  of  t h e  m a t r i x ,  whereas  i n  t h e  

T73 t e m p e r  ( F i g ,  9 - b o t t o m ) ,  m a t r i x  p r e c i p i t a t i o n  i s  more e x t e n s i v e .  

T h i s  d i f f e r e n c e  w a s  r e l a t e d  t o  t h e  amount and s i z e  o f  m a t r i x  

p r e c i p i t a t i o n ,  a s  w i l l  be  d i s c u s s e d  d u r i n g  c o n s i d e r a t i o n  o f  

e l e c t r o n  m i c r o s t r u c t u r e s  

The m i c r o c o n s t i t u e n t s  i n  7075 a l l o y  ( F i g .  10) were 

p r i m a r i l y  o f  two t y p e s :  Cu2FeA17 f r o m  t h e  i r o n  i m p u r i t y ,  and 

Mg2Si. Wi th  7075 a l l o y  c o m p o s i t i o n  and t h e  s t a n d a r d  s o l u t i o n  

h e a t - t r e a t m e n t ,  t h e s e  p h a s e s  a r e  n o t  c o m p l e t e l y  s o l u b l e .  The 

m i c r o c o n s t i t u e n t  p o p u l a t i o n  w a s  l e s s  i n  7075 a l l o y  t h a n  i n  2219 

a l l o y ,  w i t h  t h e  r e s u l t  t h a t  t h e  c o n s t i t u e n t  c l u s t e r s  were 

s m a l l e r  and  n o t  a s  c o n t i n u o u s  i n  7075 a l l o y .  T h e r e  w a s  t h e  

u s u a l  c o n s t i t u e n t  a l i g n m e n t  i n  t h e  d i r e c t i o n  o f  r o l l i n g  w i t h  

a l i g n m e n t  most  a p p a r e n t  i n  t h e  l o n g i t u d i n a l  s e c t i o n .  

A n o t h e r  m i c r o s t r u c t u r a l  f e a t u r e ,  o b s e r v e d  p r i m a r i l y  

o n  l o n g i t u d i n a l  s e c t i o n s ,  c o n s i s t e d  o f  t i n y  v o i d s  be tween p a i r s  

o f  c o n s t i t u e n t  p a r t i c l e s  ( F i g .  1 0 - b o t t o m ) .  T h e s e  v o i d s  d e v e l o p  

d u r i n g  f a b r i c a t i o n  when p a i r s  o f  c o n t i g u o u s  mic ro  c o n s t i t u e n t  

p a r t i c l e s  a r e  s e p a r a t e d  o r  when i n d i v i d u a l  p a r t i c l e s  a r e  

f r a c t u r e d .  Even t h o u g h  t h e  m a t r i x  i s  f l o w i n g  p l a s t i c a l l y ,  

it i s  u n a b l e  t o  conform i m m e d i a t e l y  t o  t h e  c o n t o u r  o f  t h e  

s e p a r a t e d  p a r t i c l e s  and occupy  t h e  s p a c e  be tween them. The 
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r e s u l t  i s  a v o s d .  Such v o i d s  c a n  be o f  i m p o r t a n c e  d u r i n g  

m e c h a n i c a l  f r a c t u r e  b e c a u s e  t h e y  c o n s t i t u t e  s i t e s  f o r  f o r m a t i o n  

o f  some of  t h e  d i m p l e s  o b s e r v e d  by e l e c t r o n  f r a c t o g r a p h y .  

T h e i r  e f f e c t  o n  s t r e s s  c o r r o s i o n  i s  p r o b a b l y  v e r y  s m a l l ,  however ,  

s i n c e  c r a c k i n g  i n  aluminum a l l o y s  f o l l o w s  an  i n t e r g r a n u l a r  p a t h ,  

w h i l e  c o n s t i t u e n t  p a r t i c l e s  and c l u s t e r s  a r e  n o t  g e n e r a l l y  

s i t u a t e d  o n  g r a i n  b o u n d a r i e s  

I n  c o n t r a s t  t o  t h e  s t r u c t u r e  o f  7075 a l l o y ,  which had  

a n  u n r e c r y s t a l l i z e d ,  h i g h l y - e l o n g a t e d  s t r u c t u r e ,  t h e  X7375 a l l o y  

p l a t e  was.  c o m p l e t e l y  r e c y r s t a l l i z e d  and c o n s i s t e d  o f  e q u i a x e d  

g r a i n s  ( F i g .  11). No d i f f e r e n c e  w a s  a p p a r e n t  be tween t h e  T 6  and 

T73- type  t e m p e r s  e i t h e r  a t  l ow o r  h i g h  l i g h t  m i c r o s c o p e  m a g n i f i -  

c ’ a t i o n s .  The p r e c i p i t a t e  s t r u c t u r e  o f  X7375 a l l o y  c o n s i s t e d  o f  

s t r i n g s  o f  p a r t i c l e s  a l o n g  g r a i n  b o u n d a r i e s  ( F i g .  12), t h e  

p a F t i c l e s  h a v i n g  d e v e l o p e d  d u r i n g  quench ing .  C o n s t i t u e n t  

s t r u c t u r e s  o f  X7375 a l l o y  c o n s i s t e d  o f  p a r t i c l e s  o f  Cu2FeA17. 

and Mg2Si, w i t h  o n l y  s l i g h t  d i r e c t i o n a l i t y .  

I n  examining  t h e  p r e c i p i t a t e  s t r u c t u r e s  o f  t h e  7XXX 

a l l o y s  u n d e r  t h e  l i g h t  m i c r o s c o p e ,  i t  w a s  n o t e d  t h a t ,  w h i l e  

boundary  p r e c i p i t a t i o n  w a s  q u i t e  g e n e r a l ,  c e r t a i n  b o u n d a r i e s  

and p o r t i o n s  o f  b o u n d a r i e s  showed L i t t l e  o r  no p r e c i p i t a t e .  

T h i s  c o n d i t i o n  i s  p a r t i c u l a r l y  e v i d e n t  i n  F i g .  12. I n  c a s e s  

where p r e c i p i t a t i o n  w a s  l ow o s  a b s e n t  a l o n g  an  e n t i r e  boundary  

be tween g r a i n s ,  it a p p e a r e d  t h a t  t h e  r e l a t i v e  o r i e n t a t i o n  of 

t h e  g r a i n s  and t h e  d i f f e r e n c e s  i n  boundary  e n e r g y  might  be 

t h e  d e t e r m i n i n g  f a c t o r .  Where p r e c i p i t a t i o n  was a b s e n t  o n  

o n l y  segmen t s  o f  a boundary ,  however ,  no p l a u s i b l e  e x p l a n a t i o n  
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was a v a i l a b l e .  It  i s  b e l i e v e d  t h a t  t h e  d i f f e r e n c e s  i n  boundary  

p r e c i p i t a t i o n  a r e  h i g h l y  i m p o r t a n t  t o  t h e  s t r e s s - c o r r o s i o n  

mechanism b e c a u s e  p r e c i p i t a t i o n  o r  l a c k  o f  p r e c i p i t a t i o n  i s  

a l m o s t  c e r t a i n l y  a s s o c i a t e d  w i t h  l o c a l i z e d  d i f f e r e n c e s  i n  compo- 

s i t i o n  and ,  c o n s e q u e n t l y ,  e l e c t r o c h e m i c a l  p o t e n t i a l .  

E l  e c t  r o  n M i  c r o  s t r u c  t u r e  

S i n c e  t h e  e l e c t r o n  m i c r o s c o p e  w a s  u s e d  o n l y  t o  o b s e r v e  

t h e  f i n e s t  m i c r o s t r u c t u r a l  f e a t u r e s ,  e x a m i n a t i o n s  were c o n d u c t e d  

o n l y  a t  v e r y  h i g h  m a g n i f i c a t i o n s .  

d i a m e t e r s  w a s  f o u n d  t o  be optimum f o r  t h e  2219 and 7075 a l l o y  

s t r u c t u r e s ,  w h e r e a s ,  50,000 and 100,OOOX were u s e d  w i t h  X7375 

a l l o y .  A t  t h e s e  m a g n i f i c a t i o n s ,  t h e  m i c r o c o n s t i t u e n t s  s e e n  i n  

t h e  l i g h t  m i c r o s t r u c t u r e  were l a r g e r  t h a n  t h e  m i c r o s c o p e  f i e l d  

and ,  c o n s e q u e n t l y ,  were a v o i d e d .  The p r e c i p i t a t e  p a r t i c l e s  

s c a t t e r e d  a l o n g  g r a i n  b o u n d a r i e s  o b s e r v e d  i n  t h e  l i g h t  mic ro -  

s t r u c t u r e  a l s o  a p p e a r e d  q u i t e  l a r g e  and o n l y  a f e w  were p r e s e n t  

i n  any  o n e  m i c r o s c o p e  f i e l d .  T h e r e f o r e ,  a t t e n t i o n  w a s  concen-  

t r a t e d  on  t h e  d i s l o c a t i o n s  and  f i n e  p r e c i p i t a t e  s t r u c t u r e s .  

A m a g n i f i c a t i o n  o f  50,000 

The f i n e  s t r u c t u r e  o f  t h e  T 3 5 1  t e m p e r  of 2219 a l l o y  

w a s  c h a r a c t e r i z e d  by a s m a l l  number o f  d i s l o c a t i o n s ,  g e n e r a l l y  

d i s t r i b u t e d  t h r o u g h  a l l  g r a i n s .  I n  F i g .  13, which shows p a r t s  

of f o u r  g r a i n s ,  t h e  t y p e  and d i s t r i b u t i o n  o f  d i s l o c a t i o n s  a r e  

a p p a r e n t ,  Those  i n  t h e  u p p e r - r i g h t  g r a i n  a r e  i n  h i g h  c o n t r a s t , .  

whereas  t h o s e  i n  t h e  o t h e r  g r a i n s  a r e  q u i t e  f a i n t  b e c a u s e  t h e s e  

g r a i n s  a r e  n o t  o r i e n t e d  p r o p e r l y  f o r  maximum d i s l o c a t i o n  

c o n t r a s t .  I f  t h e  spec imen  h a d  been  r o t a t e d  s l i g h t l y ,  

d i s l o c a t i o n  c o n t r a s t  would h a v e  been  improved  i n  t h e  o t h e r  
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g r a i n s ,  w h i l e  t h e  d i s l o c a t i o n s  i n  t h e  u p p e r - r i g h t  g r a i n  would 

h a v e  l o s t  c o n t r a s t  o r  v a n i s h e d .  The  d i s l o c a t i o n  d e n s i t y  s e e n  

i n  F ig .  13 i s  a b o u t  what would b e  e x p e c t e d  f o r  t h e  1.5-3% 

s t r e t c h  a p p l i e d  t o  t h e  p l a t e ,  

P a r t i c u l a r  a t t e n t i o n  w a s  p a i d  t o  t h e  g r a i n  boundary  ' 

s t r u c t u r e s  i n  t h e  T351 t e m p e r ,  b u t  o n l y  t h e  r e l a t i v e l y  l a r g e  

p r e c i p i t a t e  p a r t i c l e s ,  p r o b a b l y  g e n e r a t e d  d u r i n g  q u e n c h i n g ,  were 

s e e n .  The f i n e  boundary  s t r u c t u r e s  s e e n  i n  F i g ,  13 w e r e l p r o v e n  

t o  be moire" p a t t e r n s  o r  d i s l o c a t i o n s ,  b e c a u s e  t h e y  changed  o r  

d i s a p p e a r e d  upon t i l t i n g  o f  t h e  spec imen.  No g r a i n  boundary  

d e p l e t e d ,  zones  were a p p a r e n t  i n  s p i t e  o f  t h e  f a c t  t h a t  " w h i t e  

b o u n d a r i e s " ,  i n d i c a t i v e  o f  d e p l e t i o n ,  had  been  o b s e r v e d  i n  t h e  

l i g h t  m i c r o s t r u c t u r e .  A t  t h e  v e r y  h i g h  m a g n i f i c a t i o n s  u s e d ,  

however ,  t h e  " w h i t e  b o u n d a r i e s "  would a p p e a r  v e r y  wide and might  

n o t  be d i s c e r n i b l e .  A l s o ,  t h e  d i f f e r e n c e  i n  s o l u t e  c o n t e n t  

i n v o l v e d  might  be t o o  s m a l l  t o  be o b s e r v e d  a s  a d i f f e r e n c e  i n  

e l e c t r o n  a b s o r p t i o n ,  d u r i n g  e l e c t r o n  t r a n s m i s s i o n  mic roscopy .  

The e l e c t r o n  m i c r o s t r u c t u r e  o f  t h e  2219-T37 p l a t e  

r e f l e c t e d  t h e  h i g h e r  d e g r e e  o f  c o l d  work a s  compared t o  t h e  

T351 t e m p e r .  The T37 s t r u c t u r e  w a s  c h a r a c t e r i z e d  by d e n s e  

f o r e s t s  o f  d i s l o c a t i o n s  s u c h  a s  t h o s e  s e e n  i n  t h e  u p p e r  g r a i n  

o f  Fig., 14. S i m i l a r  f o r e s t s  o f  d i s l o c a t i o n s  a r e  p r e s e n t  i n  

t h e  o t h e r  g r a i n s  b u t  a r e  n o t  i n  t h e  p r o p e r  c o n t r a s t  f o r  v i e w i n g .  

Examina t ions  o f  t h e  a r t i f i c i a l l y  aged  t e m p e r s  

r e v e a l e d  c l e a r l y  t h e  d e t a i l s  o f  t h e  p r e c i p i t a t e  s t r u c t u r e s  

i n d i c a t e d  i n  t h e  l i g h t  m i c r o g r a p h s .  I n  t h e  T851 t e m p e r ,  t h e  

m a t r i x  had  a d e n s e l y  packed  a r r a y  o f  i n t e r l o c k i n g  p r e c i p i t a t e  
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p l a t e s ,  a s  shown by F i g .  15. The a l i g n m e n t  o f  t h e s e  p l a t e s  

a l o n g  c e r t a i n  c r y s t a l l o g r a p h i c  p l a n e s  e v i d e n t l y  c r e a t e d  t h e  

c r o s s - h a t c h e d  a p p e a r a n c e  s e e n  i n  t h e  l i g h t  m i c r o s t r u c t u r e  

( F i g .  5 ) .  I n  a d d i t i o n  t o  t h e  m a t r i x  p r e c i p i t a t i o n  a p p a r e n t  i n  

F i g .  15, c e r t a i n  g r a i n  boundary  p r e c i p i t a t e s  a r e  e v i d e n t ,  I t  

i s  b e l i e v e d  t h a t  t h e  m a j o r i t y  o f  t h e s e  p a r t i c l e s  d e v e l o p e d  

d u r i n g  a r t i f i c i a l  a g i n g  b e c a u s e  o f  t h e i r  r e l a t i v e l y  s m a l l  s i z e  

and c l o s e  s p a c i n g .  F i g u r e  15 a l s o  shows a few d i s p e r s o i d  

p a r t i c l e s ,  p r o b a b l y  o f  a Mn-bear ing  p h a s e .  T h e s e  a r e  t h e  

i r r e g u l a r l y  s h a p e d  p a r t i c l e s  w i t h i n  g r a i n s .  

The s t r u c t u r e  o f  t h e  2219-T87 p l a t e  i s  a l s o  c h a r a c -  

t e r i z e d  by a d e n s e  m a t r i x  p r e c i p i t a t e  o f  i n t e r l o c k i n g  p l a t e s  

( F i g ,  1 6 ) .  

t h a n  t h o s e  i n  t h e  T 8 5 1  t e m p e r ,  which would b e  e x p e c t e d  f rom t h e  

T h e s e  p l a t e s  a p p e a r  t o  be f i n e r  and more numerous 

g r e a t e r  amount o f  c o l d  work and t h e  l o w e r  a g i n g  t e m p e r a t u r e .  

The s i z e  and s h a p e  o f  t h e  p l a t e s  e x p l a i n s  t h e  a p p e a r a n c e  o f  

t h e  more g e n e r a l  p r e c i p i t a t i o n  s e e n  u n d e r  t h e  l i g h t  m i c r o s c o p e  

( F i g .  7 ) .  

I n  compar ing  t h e  e l e c t r o n  m i c r o s t r u c t u r e s  of  t h e  aged  

and unaged t e m p e r s ,  it w a s  n o t e d  t h a t  d i s l o c a t i o n s  were no 

l o n g e r  p r e s e n t  i n  t h e  aged  m a t e r i a l  a n d ,  t h e r e f o r e ,  t h a t  t h e y  

had  been  e l i m i n a t e d  d u r i n g  a g i n g .  From t h i s  o b s e r v a t i o n ,  and 

t h e  f a c t  t h a t  i n t e r g r a n u l a r  a t t a c k  had  been  s u b s t a n t i a l l y  

e l i m i n a t e d  by a r t i f i c i a l  a g i n g ,  it might  be c o n c l u d e d  t h a t  t h e  

improved c o r r o s i o n  b e h a v i o r  r e s u l t e d  f r o m  e l i m i n a t i o n  o f  t h e  

d i s l o c a t i o n s .  It s h o u l d  b e  p o i n t e d  o u t ,  however ,  t h a t  t h e  

a g i n g  t r e a t m e n t  l e d  t o  pronounced  m a t r i x  d e p l e t i o n ,  a s  
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i n d i c a t e d  by t h e  loss o f  c o n t r a s t  o n  e t c h i n g ,  and t h e  d e v e l o p -  

ment o f  e x t e n s i v e  m a t r i x  p r e c i p i t a t e .  I t  seems much more 

l i k e l y  t h a t  m a t r i x  d e p l e t i o n  and p r e c i p i t a t i o n  a r e  more s i g n i f i -  

c a n t  t h a n  e l i m i n a t i o n  of  d i s l o c a t i o n s  i n  c o n t r o l l i n g  t h e  s t r e s s -  

c o r r o s i o n  mechanism o f  t h i s  a l l o y .  

S t r u c t u r e s  o f  7075 a l l o y  i n  a l l  t e m p e r s  were c h a r a c t e r -  

i z e d  by  numerous E-phase  (Cr$Mg3A118) d i s p e r s o i d  p a r t i c l e s  

s c a t t e r e d  t h r o u g h o u t  t h e  s t r u c t u r e  ( F i g ,  17-20) I n  a d d i t i o n ,  

t h e r e  were a number o f  r e l a t i v e l y  l a r g e  boundary  p r e c i p i t a t e  

p a r t i c l e s ,  a p p a r e n t l y  d e v e l o p e d  d u r i n g  q u e n c h i n g .  I n  t h e  -W 

t e m p e r  ( F i g .  171, d i s l o c a t i o n s  were p r e s e n t ,  b u t  t h e i r  number 

was q u i t e  s m a l l  b e c a u s e  of  t h e  r e l a t i v e l y  s low quench t h a t  t h e  

m a t e r i a l  h a d  r e c e i v e d  a t  t h i s  l o c a t i o n  even  t h o u g h  t h e  p l a t e  had  

b e e n  quenched  i n  c o l d  w a t e r .  T h e s e  d i s l o c a t i o n s  were f a i r l y  

e v e n l y  s c a t t e r e d  t h r o u g h o u t  t h e  m a t r i x  and  no c o n c e n t r a t i o n s  i n  

g r a i n  boundary  r e g i o n s  were o b s e r v e d .  The d i s l o c a t i o n s  were 

g e n e r a l l y  q u i t e  l o n g ,  which i s  a c h a r a c t e r i s t i c  of t h o s e  formed 

d u r i n g  m o d e r a t e l y  s l o w  q u e n c h i n g ,  and a l m o s t  a l l  were p i n n e d  

t o  t h e  E-phase  d i s p e r s o i d  p a r t i c l e s .  

Aging t o  t h e  T 6  t e m p e r  h a d  no n o t i c e a b l e  e f f e c t  on  

t h e  d i s p e r s o i d  o r  d i s l o c a t i o n  s t r u c t u r e s  ( F i g .  18 v s  F i g .  1 7 ) .  

T h i s  t r e a t m e n t ,  however ,  d e v e l o p e d  a v e r y  f i n e  z o n e - t y p e  

p r e c i p i t a t e  i n  t h e  m a t r i x  a s  w e l l  a s  some f i n e  g r a i n  boundary  

p r e c i p i t a t e  ( F i g .  19 v s  F i g .  1 7 ) .  The a r e a  o f  F i g .  19 w a s  

s p e c i a l l y  s e l e c t e d  and o r i e n t e d  t o  h a v e  a minimum o f  d i s l o c a t i o n  

s t r u c t u r e  s o  t h a t  t h e  p r e c i p i t a t e s  would b e  r e v e a l e d  t o  b e s t  

a d v a n t a g e  ., 
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The e x t e n d e d  a g i n g  t r e a t m e n t  t o  t h e  T 7 3  t e m p e r  d i d  n o t  

a l t e r  t h e  d i s p e r s o i d  s t r u c t u r e ,  b u t  h a d  p ronounced  e f f e c t s  o n  

t h e  p r e c i p i t a t e  and d i s l o c a t i o n  s t r u c t u r e s .  The e l e v a t e d  

t e m p e r a t u r e  u s e d  i n  t h i s  t r e a t m e n t  c o m p l e t e l y  e l i m i n a t e d  t h e  

d i s l o c a t i o n s  and p roduced  more advanced  p r e c i p i t a t e  s t r u c t u r e s  

( F i g .  20 vs F i g s . 1 7 - 1 9 ) .  The p r e c i p i t a t e  p a r t i c l e s  on  g r a i n  

b o u n d a r i e s  were i n c r e a s e d  i n  number and s i z e ,  t h e  z o n e - t y p e  

p r e c i p i t a t e s  grew a p p r e c i a b l y ,  and  some M '  o r  M-phase p r e c i p i -  

t a t e s  (MgZn2) d e v e l o p e d .  

The e l e c t r o n  m i c r o s t r u c t u r e  of  X7375 a l l o y  d i f f e r e d  

marked ly  f rom t h a t  o f  7075 a l l o y ,  p r i m a r i l y  b e c a u s e  of t h e  

a b s e n c e  o f  chromium. I n  a l l  t e m p e r s ,  t h e r e  were no E-phase  

d i s p e r s o i d  p a r t i c l e s  b e c a u s e  t h e  a l l o y  c o n t a i n s  no chromium. 

I n  t h e  -W t e m p e r ,  t h e r e  were some g r a i n  boundary  p r e c i p i t a t e s  

( F i g .  2 1 )  and a few d i s l o c a t i o n  l o o p s  and h e l i c e s .  The p r e s e n c e  

of h e l i c e s  and l o o p s  i n d i c a t e s  t h a t  v a c a n c y  d i f f u s i o n  i s  s l o w e r  

i n  X7375 t h a n  i n  7075,  an o b s e r v a t i o n  which h a s  been  c o n f i r m e d  

by o t h e r  i n v e s t i g a t i o n s  a t  Alcoa  R e s e a r c h  L a b o r a t o r i e s .  I n  t h e  

T 6  t e m p e r ,  e x t e n s i v e  b u t  f i n e  boundary  p r e c i p i t a t e  and a zone-  

t y p e  m a t r i x  p r e c i p i t a t e  were p r e s e n t  ( F i g .  22) .  With t h e  

e x t e n d e d  a g i n g  t o  t h e  T73- type  t e m p e r ,  g rowth  o f  b o t h  t h e  zone-  

t y p e  and  boundary  p r e c i p i t a t e s  w a s  n o t e d  ( F i g .  23) .  I n  b o t h  o f  

t h e  a r t i f i c i a l l y  aged  t e m p e r s ,  p r e c i p i t a t i o n  w a s  n o t  a s  

advanced  a s  i n  t h e  7075 a l l o y  p l a t e  w i t h  t h e  same a g i n g  t r e a t -  

ment.  T h i s  f a c t  v e r i f i e s  t h e  l o w e r  d i f f u s i o n  r a t e  i n  t h e  

a b s e n c e  o f  chromium. 
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P h a s e  I d e n t i f i c a t i o n  

X- ray  d i f f r a c t i o n  a n a l y s e s  were employed t o  i d e n t i f y  

t h e  p h a s e s  p r e s e n t  i n  t h e  2219, 7075, and X7375 m a t e r i a l s .  The 

T 3 7  and T 8 7  t e m p e r s  of 2219 a l l o y ,  t h e  T 6  and T 7 3  t e m p e r s  o f  

7075 a l l o y ,  and t h e  T 6  and T73- type  t e m p e r s  of X7375 a l l o y  were 

a n a l y z e d .  The r e s u l t s  c o n f i r m e d  t h o s e  deduced  f r o m  t h e  l i g h t  

and  e l e c t r o n  m i c r o s c o p e  e x a m i n a t i o n s .  

Spec imens  o f  2219 a l l o y  c o n t a i n e d  t h e  p h a s e s  CuA12 ( e ) ,  

Cu2FeA17 and B f ,  which i s  a c o h e r e n t  t r a n s i t i o n  p r e c i p i t a t e  of  

CuA12 c o m p o s i t i o n .  

p a r t i c l e s  o f  c o p p e r - b e a r i n g  p h a s e ,  and t h e  Cu2FeA17 r e p r e s e n t e d  

i n s o l u b l e  F e - b e a r i n g  p h a s e ,  b o t h  o f  which were a p p a r e n t  i n  t h e  

l i g h t  m i c r o g r a p h s .  The 0 '  p h a s e  was p r e s e n t  i n  a v e r y  s m a l l  

amount i n  t h e  T 3 7  t e m p e r  and p r e s u m a b l y  r e p r e s e n t e d  a f e w  

p a r t i c l e s  formed d u r i n g  t h e  quench .  T h i s  p h a s e  was  p r e s e n t  i n  

l a r g e  amounts  i n  t h e  T 8 7  t e m p e r ,  and  c o r r e s p o n d e d  t o  t h e  l a r g e  

number of d e n s e l y  packed  p l a t e l e t s  t h a t  were e v i d e n t  i n  t h e  

e l e c t r o n  m i c r o g r a p h s  a 

The CuA12 (Q) r e p r e s e n t e d  u n d i s s o l v e d  

I n  t h e  7075 a l l o y  s a m p l e s ,  t h e  d i f f r a c t i o n  a n a l y s e s  

r e v e a l e d  t h e  p h a s e s  Mg2Si, E-phase  (A112Mg2Cr o r  A118Mg3Cr2) , 
and M-phase [MgZn2 o r  p o s s i b l y  a p h a s e  o f  t h e  form Mg(Zn,Cu,A1)2].  

The Mg2Si w a s  p r e s e n t  i n  a v e r y  s m a l l  volume f r a c t i o n  i n  t h e  

form o f  s m a l l  u n d i s s o l v e d  c o n s t i t u e n t  p a r t i c l e s ,  and  t h e  C r -  

b e a r i n g  E-phase  was t h e  d i s p e r s o i d  d e v e l o p e d  by  s o l i d  s t a t e  

p r e c i p i t a t i o n  d u r i n g  i n g o t  p r e h e a t i n g .  It i s  b e l i e v e d  t h a t  t h e  

M-phase p a r t i c l e s  d e t e c t e d  i n  7075 a l l o y  a r e  f a i r l y  l a r g e  

p a r t i c l e s ,  h a v i n g  a n  a p p e a r a n c e  s i m i l a r  t o  t h a t  o f  t h e  E-phase 
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d i s p e r s o i d s ,  r a t h e r  t h a n  t h e  much f i n e r  p a r t i c l e s  d e v e l o p e d  

d u r i n g  a r t i f i c i a l  a g i n g .  I n  t h e  T 6  t e m p e r ,  t h e  s m a l l  amount 

o f  M-phase d i s c l o s e d  by X-ray  d i f f r a c t i o n  i s  b e l i e v e d  t o  h a v e  

d e v e l o p e d  d u r i n g  q u e n c h i n g  and  c o n s i s t s  o f  t h e  l a r g e  p a r t i c l e s  

a t  g r a i n  b o u n d a r i e s .  D u r i n g  t h e  h i g h e r  t e m p e r a t u r e  a g i n g  u s e d  

i n  p r o d u c i n g  t h e  T 7 3  t e m p e r ,  t h e s e  g r a i n  boundary  p a r t i c l e s  grow 

t o  l a r g e r  s i z e  and  some a d d i t i o n a l  p a r t i c l e s  may fo rm w i t h i h  t h e  

g r a i n s .  The c o h e r e n t  p r e c i p i t a t e ,  M I ,  i s  p r o b a b l y  a l s o  p r e s e n t  

i n  7075, p a r t i c u l a r l y  i n  t h e  T 7 3  t e m p e r ,  b u t  d i f f r a c t i o n  e f f e c t s  

f rom t h i s  more complex s t r u c t u r e  t e n d  t o  b e  o b s c u r e d  by  t h e  

d i f f r a c t i o n  l i n e s  f r o m  t h e  M p h a s e .  

I n  t h e  X7375 a l l o y  s a m p l e s ,  o n l y  Mg2Si was d e t e c t e d  

i n  t h e  T 6  t e m p e r .  The  g r a i n  boundary  p r e c i p i t a t e s  were n o t  

d e t e c t e d  b e c a u s e ,  a l t h o u g h  t h e y  were r e a d i l y  a p p a r e n t  a t  e l e c t r o n  

m i c r o s c o p e  m a g n i f i c a t i o n s ,  t h e  t o t a l  amount o f  m a t e r i a l  r e p r e -  

s e n t e d  by  t h e  p a r t i c l e s  w a s  q u i t e  s m a l l .  The T73- type  t e m p e r  

c o n t a i n e d  t h e  s a m e  Mg2Si p h a s e  a n d ,  i n  a d d i t i o n ,  M'-phase which 

i s  s i m i l a r  t o  M-phase b u t  i s  s t i l l  c o h e r e n t  w i t h  t h e  m a t r i x .  

T h e s e  p a r t i c l e s  d e v e l o p e d  d u r i n g  t h e  a r t i f i c i a l  a g i n g  t r e a t m e n t .  

Mic roDro b e  Ana 1 ys es 

The  e l e c t r o n  m i c r o p r o b e  was u s e d  t o  e x p l o r e  i n  s t i l l  

g r e a t e r  d e t a i l  t h e  m e t a l l u r g i c a l  c h a r a c t e r i s t i c s  o f  t h e  2219- 

T 3 5 1  and  7075-T6 a l l o y  p l a t e .  It  was u s e d  t o  e v a l u a t e  t h e  

homogene i ty  o f  t h e  s o l i d  s o l u t i o n  m a t r i x ,  t o  a n a l y z e  c e r t a i n  

o f  t h e  m i c r o c o n s t i t u e n t  p h a s e s ,  and  t o  s e a r c h  f o r  v a r i a t i o n s  

i n  s o l u t e  e l e m e n t s  i n  t h e  v i c i n i t y  o f  g r a i n  b o u n d a r i e s .  

The  homogene i ty  o f  t h e  7075-T6 p l a t e  was checked  by  

making s t e p - s c a n s  a t  5 -mic ron  i n t e r v a l s  a l o n g  s t r a i g h t  l i n e s  

\ 
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t r a v e r s i n g  a number o f  g r a i n s  i n  t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n ,  

The most pronounced  v a r i a t i o n  was i n  Mg, which g e n e r a l l y  t e n d e d  

t o  be  h i g h e r  i n  t h e  g r a i n s  which e t c h e d  brown o r  g r e y  t h a n  i n  

g r a i n s  t h a t  e t c h e d  l i g h t .  

b e  s e e n  i n  F i g u r e  24. I n  t h e  s a m p l e ,  a n a l y s e s  were found  i n  t h e  

s e v e r a l  s c a n s  v a r y i n g  f r o m  2.16 t o  2.82% Mg. 

a n  o p p o s i t e  manner  t o  Mg, b e i n g  low i n  t h o s e  a r e a s  i n  which t h e  

Mg was h i g h .  The r a n g e  o f  o b s e r v e d  a n a l y s e s  w a s  n o t  a s  l a r g e ,  

f l u c t u a t i n g  be tween 1 .27 and 1.48% Cu. ‘ Z i n c  v a r i a t i o n s  were 

n o t  a s  s y s t e m a t i c  a s  t h e  Mg and  Cu, b u t  t e n d e d  t o  i n c r e a s e  when 

t h e  Mg i n c r e a s e d .  

s e v e r a l  s c a n s .  The m i c r o p r o b e  d e t e r m i n a t i o n s  o f  Mn, a l s o  shown 

i n  F i g u r e  24, d i s c l o s e d  no s y s t e m a t i c  v a r i a t i o n .  

The p e r i o d i c  v a r i a t i o n  i n  Mg c a n  

Copper  v a r i e d  i n  

L e v e l s  o f  5.44 t o  5.92% Zn were f o u n d  i n  

Mic roprobe  a n a l y s e s  o f  t h e  s o l i d  s o l u t i o n  m a t r i x  o f  

2219 a l l o y  showed t h a t  it h a d  a u n i f o r m  c o m p o s i t i o n  o f  5,7%, 

t h e  maximum s o l i d  s o l u b i l i t y  f o r  Cu, T h e r e  w a s  no s i g n i f i c a n t  

v a r i a t i o n  f rom p l a c e - t o - p l a c e  i n  t h e  p l a t e  o r  a c r o s s  g r a i n s .  

U n l i k e  t h e  c o n d i t i o n  f o u n d  i n  t h e  7075-T6, t h e  g r a i n s  t h a t  

e t c h e d  d a r k  h a d  t h e  s a m e  c o m p o s i t i s n  a s  g r a i n s  t h a t  e t c h e d  

l i g h t ,  t h e  g r a i n  c o n t r a s t  d e p e n d i n g  s o l e l y  on  o r i e n t a t i o n .  

The a n a l y s e s  o f  c o n s t i t u e n t  p a r t i c l e s  c o n f i r m e d  t h e i r  

i d e n t i t y  a s  d e r i v e d  from m i c r o s c o p e  e x a m i n a t i o n s  and X-ray  

d i f f r a c t i o n  a n a l y s i s .  P r e s e n t  i n  7075-T6 were Mg2Si, c o n t a i n i n g  

63% Mg and 37% S i ,  and  Cu2FeA17, c o n t a i n i n g  a b o u t  51% A l ,  36% CU, 

12% Fe  and 2% Mn. I n  2219-T351, t h e  same Cu2FeA17 p h a s e  was 

p r e s e n t  and a l s o  CuA12 c o n t a i n i n g  a b o u t  52% Cu. 

i n  2219-T351 were a f e w  s m a l l  p a r t i c l e s  o f  o t h e r  p h a s e s .  

A l s o  p r e s e n t  
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Al though  t h e  m a j o r i t y  were t o o  s m a l l  t o  b e  r e s o l v e d  w i t h  t h e  

e l e c t r o n  m i c r o p r o b e ,  some were i d e n t i f i e d  a s  a T i - b e a r i n g  

p h a s e ,  Sometimes p a r t  o f  t h e  T i  i n  t h e s e  p a r t i c l e s  w a s  

r e p l a c e d  by V ,  a n  a l l o y i n g  e l e m e n t  i n  t h i s  a l l o y .  

D e t e c t i o n  o f  c o m p o s i t i o n  v a r i a t i o n  i n  t h e  v i c i n i t y  

o f  g r a i n  b o u n d a r i e s  w a s  o f  p a r t i c u l a r  i n t e r e s t  i n  v i ew o f  t h e  

s t r e s s - c o r r o s i o n  t h e o r i e s  which a r e  b a s e d  upon t h e  e l e c t r o -  

c h e m i c a l  e f f e c t s  a s s o c i a t e d  w i t h  a s o l u t e - d e p l e t e d  zone  a t  o r  

n e a r  t h e  boundary ,  One d i f f i c u l t y  w i t h  even  m i c r o p r o b e  

a n a l y s i s  i s  t h e  r e l a t i v e l y  l a r g e  s i z e  o f  t h e  a n a l y z e d  s p o t  

compared t o  t h e  w i d t h  of  t h e  g r a i n  boundary  r e g i o n .  I n  o r d e r  

t o  e n l a r g e  t h e  e f f e c t i v e  w i d t h  o f  t h e  r e g i o n  f o r  t h i s  s u r v e y ,  

t h e  p r o b e  t r a c e  w a s  n o t  o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  boundary  

b u t  a t  a v e r y  s m a l l  a n g l e  t o  i t ,  T h u s ,  a l t h o u g h  t h e  beam was 

t r a n s l a t e d  2 m i c r o n s  p e r  s t e p  a l o n g  t h e  d i r e c t i o n  o f  t h e  s c a n ,  

t h i s  amounted t o  o n l y  a f r a c t i o n  o f  a mic ron  i n  a d i r e c t i o n  

p e r p e n d i c u l a r  t o  t h e  boundary .  T h i s  i s  e s s e n t i a l l y  t h e  method 

J. B. C l a r k  u s e d  t o  d e t e c t  d e p l e t e d  z o n e s  i n  A1-Ag a l l o y s * .  

The r e s u l t s  o f  o n e  s u c h  s c a n  w i t h  7075-T6 a r e  

p r e s e n t e d  i n  F i g u r e  25. E i g h t  measurements  i n  t h e  v i c i n i t y  o f  

t h e  g r a i n  boundary  showed s i g n i f i c a n t l y  l o w e r  Mg t h a n  i n  t h e  

g r a i n  b o d i e s  on  e i t h e r  s i d e .  Copper ,  Zn, and even  Mn show 

a p p a r e n t  d e p l e t i o n  a l s o ,  T h e r e  i s  one  h i g h  a n a l y s i s  f o r  Cu 

e x a c t l y  on  t h e  boundary ,  C o n c e i v a b l y ,  t h i s  c o u l d  be  e v i d e n c e  

o f  a g r a i n  boundary  p r e c i p i t a t e ,  b u t  migh t  e q u a l l y  w e l l  be  a n  

i s o l a t e d  p a r t i c l e ,  

*Ja B, C l a r k ,  E l e c t r o n  P r o b e  T e s t  o f  Two T h e o r i e s  o f  "Denuded 
Zone" F o r m a t i o n  i n  Aged A l l o y s ,  Acta  Met . ,  l2, 1197-1201 (1964) -  
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A n a l y s e s  o f  o t h e r  b o u n d a r i e s ,  however ,  d i d  n o t  c o n f i r m  

i n  d e t a i l  t h e  r e s u l t s  o f  t h i s  boundary .  D e p l e t e d  z o n e s ,  i f  

p r e s e n t ,  were i n  most  ca ses  n a r r o w e r  t h a n  t h e  o n e  shown. Some- 

t i m e s  d e p l e t i o n  o f  Zn w a s  more pronounced  t h a n  t h a t  o f  Mg and 

it w a s  o f t e n  u n c e r t a i n  w h e t h e r  t h e r e  w a s  any  l o c a l i z e d  d e p l e t i o n  

of Cu. The u n u s u a l  v a r i a t i o n  i n  Mn shown i n  F i g .  25 w a s  t h e  o n l y  

example s e e n .  

Because  o f  t h e  l a c k  o f  r e p r o d u c i b i l i t y ,  t h e  m i c r o p r o b e  

a n a l y s e s  o f  b o u n d a r i e s  s u g g e s t e d  some e v i d e n c e  f o r  d e p l e t e d  zones  

i n  t h e  v i c i n i t y  o f  a t  l e a s t  some g r a i n  b o u n d a r i e s  b u t  d i d  n o t  

p roduce  d e f i n i t e  p r o o f  o f  t h e i r  e x i s t e n c e .  

C o r r o s i o n  o f  U n s t r e s s e d  Spec imens  

The i n i t i a t i o n  and p r o g r e s s  o f  c o r r o s i o n  were o b s e r v e d  

on  p o l i s h e d  spec imens  exposed  t o  a c o r r o s i v e  env i ronmen t  and 

examined w i t h  a m e t a l l u r g i c a l  m i c r o s c o p e .  Spec imens  were t a k e n  

a t  a l o c a t i o n  1" below t h e  s u r f a c e  o f  t h e  p l a t e  and t h e  l o n g i -  

t u d i n a l  ( Y Z )  p l a n e s  were p o l i s h e d  b y  c o n v e n t i o n a l  m e t a l l o -  

g r a p h i c  t e c h n i q u e s .  T h i s  p r e p a r a t i o n  w a s  s e l e c t e d ,  i n  p r e f e r e n c e  

t o  c h e m i c a l  o r  e l e c t r o l y t i c  p o l i s h i n g  p r o c e d u r e s ,  b e c a u s e  i t  

p r o d u c e s  a s u r f a c e  which i s  smooth,  f l a t  and r e l a t i v e l y  f i l m -  

f r e e  i m m e d i a t e l y  a f t e r  p o l i s h i n g .  

The c o r r o s i v e  env i ronmen t  s e l e c t e d  was a n  aqueous  

s o l u t i o n  c o n t a i n i n g  1 .0  mol N a C l  and 0.21 mol A l C 1 3 ,  a d j u s t e d  

t o  a pH o f  1 . 0  w i t h  h y d r o c h l o r i c  a c i d .  T h i s  s o l u t i o n  h a s  been  

u s e d  s u c c e s s f u l l y  i n  o t h e r  s t r e s s - c o r r o s i o n  work a t  t h e s e  

L a b o r a t o r i e s  e I n  t h i s  s o l u t i o n ,  c o r r o s i o n  p r o g r e s s e d  

r a p i d l y  enough t h a t  t h e  p r o c e s s  c c u l d  b e  o b s e r v e d  c o n t i n u o u s l y ,  
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and y e t  s l o w  enough t h a t  t h e  p r o g r e s s  o f  c o r r o s i o n  c o u l d  be  

r e c o r d e d ,  The  r e s u l t s  o b t a i n e d  i n  t h i s  s o l u t i o n  were r e p r e -  

s e n t a t i v e  o f  t h e  b e h a v i o r  o f  t h e  m a t e r i a l s  i n  more c o n v e n t i o n a l  

e n v i r o n m e n t s  b e c a u s e  t h e  t y p e s  o f  a t t a c k  matched  t h o s e  o f  t h e  

c o r r o s i o n  t e s t  a s  p e r  M I L - H - 6 0 8 8 D 9  and c r a c k i n g  t e n d e n c i e s  

matched  t h o s e  i n  t h e  3.5% NaC1 a l t e r n a t e  immers ion  t e s t .  

To r e c o r d  t h e  i n i t i a t i o n  and p r o g r e s s  o f  c o r r o s i o n ,  

a r e a s  were s e l e c t e d  a f t e r  a n  i n i t i a l  b r i e f  c o r r o s i o n  e x p o s u r e ,  

and s u c c e s s i v e  m i c r o g r a p h s  were made of t h i s  s a m e  a r e a .  A 

compar i son  o f  c o n t i n u o u s  and i n t e r r u p t e d  e x p o s u r e s  showed t h a t ,  

a l t h o u g h  t h e  p r o g r e s s  o f  c o r r o s i o n  w a s  s l o w e r  i n  t h e  i n t e r -  

r u p t e d  e x p o s u r e ,  t h e  i n i t i a t i o n  s i t e s  and p a t h  o f  c o r r o s i o n  were 

t h e  same i n  b o t h ,  S i n c e  t h e  d e l a y  t imes  d u r i n g  t h e  t a k i n g  o f  

m i c r o g r a p h s  c o u l d  n o t  be k e p t  c o n s t a n t ,  t h e  e x p o s u r e  t imes  on  

t h e  i l l u s t r a t i v e  m i c r o g r a p h s  c a n n o t  be u s e d  t o  j u d g e  c o r r o s i o n  

r a t e s  w i t h i n  a s e r i e s  o r  among t h e  v a r i o u s  a l l o y s .  

L i q h t  Mic roscogv  

The i n i t i a t i o n  and p r o g r e s s  of c o r r o s i o n  were s i m i l a r  

i n  2219-T351 and 2219-T37 a l l o y s ,  b o t h  b e i n g  s u s c e p t i b l e  t o  

i n t e r g r a n u l a r  a t t a c k ,  C o r r o s i o n  s t a r t e d  a t  d i s c r e t e  p o i n t s ,  

which l a t e r  p roved  t o  be o n  o r  n e a r  g r a i n  b o u n d a r i e s ,  A t t a c k  

s p r e a d  a l o n g  b o u n d a r i e s  and commenced a t  o t h e r s  u n t i l  a w e l l -  

d e f i n e d  i n t e r g r a n u l a r  ne twork  o f  c o r r o s i o n  a t t a c k  had  d e v e l o p e d .  

Four  m i c r o g r a p h s  o f  a s e r i e s  t a k e n  d u r i n g  t h e  c o r r o s i o n  o f  a 

2219-T351 p l a t e  spec imen  a r e  a s sembled  a s  F i g u r e  26. The 

i n i t i a l  c o r r o s i o n  o c c u r r e d  a l o n g  b o u n d a r i e s  t o  t h e  l e f t  o f  t h e  

s t r i n g  o f  c o n s t i t u e n t .  p a r t i c l e s .  F u r t h e r  e x p o s u r e  d e v e l o p e d  
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a t t a c k  a l o n g  o t h e r  b o u n d a r i e s  n e a r  t h e  c o n s t i t u e n t  s t r i n g  a s  

w e l l  a s  away f r o m  i t ,  A f t e r  an  e x p o s u r e  o f  50 m i n u t e s ,  a f a i r l y  

c o m p l e t e  i n t e r g r a n u l a r  ne twork  h a d  been  g e n e r a t e d ,  

A s i m i l a r  s e t  of  m i c r o g r a p h s ,  showing t h e  s e q u e n c e  

o f  c o r r o s i o n  o f  a n  a r e a  i n  2219-T37 p l a t e ,  i s  shown i n  F i g u r e  

27. T h i s  m a t e r i a l  a l s o  w a s  a t t a c k e d  i n t e r g r a n u l a r l y .  C o r r o s i o n  

a g a i n  s t a r t e d  on  b o u n d a r i e s  i n  t h e  v i c i n i t y  o f  c l u s t e r s  of 

c o n s t i t u e n t  p a r t i c l e s ,  b u t  s p r e a d  t o  a f a i r l y  g e n e r a l  i n t e r -  

g r a n u l a r  a t t a c k  i n  a s h o r t  t ime.,  

The s e q u e n c e  o f  c o r r o s i o n  i n  2219-T851 p l a t e  i s  

i l l u s t r a t e d  by t h e  m i c r o g r a p h s  i n  F i g u r e  28. T h i s  m a t e r i a l  w a s  

s u b j e c t  t o  s u b s t a n t i a l l y  p i t t i n g  a t t a c k  i n  t h i s  e x p o s u r e  a s  w e l l  

a s  i n  t h e  s t a n d a r d  c o r r o s i o n  t e s t  ( T a b l e  I ) .  

g a s  e v o l u t i o n  and c o r r o s i o n  a t t a c k  began  a t  o r  adja.cent t o  

I n  t h i s  t e m p e r ,  

p a r t i c l e s  o f  t h e  m i c r o c o n s t i t u e n t s .  T h i s  s u g g e s t s  t h a t  t h e  

p a r t i c l e s  were a c t i n g  a s  c a t h o d e s  and  t h a t  c o r r o s i o n  w a s  o f  t h e  

a d j o i n i n g ,  more a n o d i c  m a t r i x .  As c o r r o s i o n  c o n t i n u e d ,  a t t a c k  

c o n t i n u e d  a t  t h e s e  s i t e s ,  and d e v e l o p e d  a t  a d d i t i o n a l  s i t e s  

a d j a c e n t  t o  t h e  c o n s t i t u e n t  p a r t i c l e s  o r  c l u s t e r s .  I n  a d d i t i o n  

t o  t h i s  p i t t i n g  t y p e  o f  a t t a c k ,  some c o r r o s i o n  o f  g r a i n  boundary  

segmen t s  w a s  n o t e d ,  a s  i n  t h e  l o w e r  m i c r o g r a p h s  of F i g u r e  28. 

T h i s  w a s  n o t  u n e x p e c t e d  s i n c e  a r t i f i c i a l  a g i n g  o f  2219-T351 

d o e s  n o t  c o m p l e t e l y  e l i m i n a t e  i n t e r g r a n u l a r  a t t a c k  a l t h o u g h  it 

s u b s t a n t i a l l y  e l i m i n a t e s  s t r e s s - c o r r o s i o n  c r a c k i n g .  The i n t e r -  

g r a n u l a r  a t t a c k  i n  t h e  T851 t e m p e r  d e v e l o p e d  o n l y  on  c e r t a i n  

p o r t i o n s  o f  w i d e l y  s c a t t e r e d  b o u n d a r i e s  and w a s  c o m p a r a t i v e l y  

s h a l l o w .  
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The c o r r o s i o n  o f  2219-T87 a l l o y  i n  t h e  a b s e n c e  of  

s t r e s s  ( F i g .  29) w a s  g e n e r a l l y  s i m i l a r  t o  t h a t  o f  t h e  a l l o y  i n  

t h e  T 8 5 1  t e m p e r .  Cor ros iQn  i n i t i a t e d  i n  t h e  v i c i n i t y  o f  p a r t i c l e s  

and c l u s t e r s  o f  m i c r o c o n s t i t u e n t s  and s p r e a d  o u t  a s  c o r r o s i o n  

c o n t i n u e d .  A l s o ,  o c c a s i o n a l  s c a t t e r e d  segmen t s  o f  g r a i n  boundary  

a t t a c k  d e v e l o p e d .  

O t h e r  o b s e r v a t i o n s  d u r i n g  t h e  c o r r o s i o n  e x p o s u r e s  were 

c o n c e r n e d  w i t h  t h e  b e h a v i o r  o f  t h e  m i c r o c o n s t i t u e n t  p a r t i c l e s .  

The m a j o r  c o n s t i t u e n t s  i n  2219 a l l o y  a r e  Cu2FeA17,from t h e  i r o n  

i m p u r i t y ,  and  CuA12, r e p r e s e n t i n g  u n d i s s o l v e d  c o p p e r .  T h e s e  

m i c r o c o n s t i t u e n t s  were t a r n i s h e d  b u t  were n o t  a t t a c k e d  d u r i n g  

t h e  c o r r o s i o n  e x p o s u r e s .  The p a r t i c l e s  o f  Cu2FeAl7 t a r n i s h e d  

and b l a c k e n e d  q u i t e  r a p i d l y ,  w i t h  CuA12 p a r t i c l e s  t a r n i s h i n g  

more s l o w l y  ( F i g .  2 7 ) .  The i n d i c a t i o n s  a r e  t h a t  t h e s e  c o n s t i t u e n t s  

a c t e d  a s  c a t h o d e s  i n  t h e  c o r r o s i o n  p r o c e s s  and a c q u i r e d  t a r n i s h  

f i lms  

With 7075-T6 p l a t e ,  t h e  f i r s t  c o r r o s i o n  w a s  a 

s p e c k l i n g  o f  t h e  m a t r i x  and l o c a l i z e d  a t t a c k  i n  s h o r t  s egmen t s  

o f  g r a i n  b o u n d a r i e s .  A s  t h e  e x p o s u r e  c o n t i n u e d ,  t h e  l o c a l i z e d  

boundary  a t t a c k  e x t e n d e d  and d e v e l o p e d  a t  t h e  b o u n d a r i e s  o f  t h e  

f r a g m e n t s  w i t h i n  c l u s t e r s .  The most  p r o m i n e n t  a t t a c k  w a s  a l o n g  

t h e  b o u n d a r i e s  o f  t h e  " f o r m e r "  g r a i n s  which ,  a s  d e s c r i b e d  

p r e v i o u s l y ,  were p a r a l l e l  t o  t h e  p l a t e  s u r f a c e  and normal  t o  

any  s h o r t - t r a n s v e r s e  s t r e s ses .  S e l e c t e d  m i c r o g r a p h s  

i l l u s t r a t i n g  t h e  s e q u e n c e  o f  c o r r o s i o n  o f  7075-T6 a l l o y  a r e  

a s s e m b l e d  a s  F i g u r e  30. 
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C o r r o s i o n  of  t h e  7075 a l l o y  p l a t e  i n  t h e  T 7 3  t e m p e r  

w a s  c h a r a c t e r i z e d  p r i m a r i l y  by  c u b i c - t y p e  p i t t i n g  a s  shown by 

t h e  m i c r o g r a p h s  i n  F i g u r e  31. The p i t s  i n i t i a l l y  d e v e l o p e d  

a t  random, some i n  t h e  v i c i n i t y  o f  c o n s t i t u e n t  p a r t i c l e s  and 

o t h e r s  w i t h i n  t h e  m a t r i x .  C o n t i n u e d  e x p o s u r e  i n c r e a s e d  t h e  s i z e  

of  t h e  p i t s  and d e v e l o p e d  new o n e s ,  p r i m a r i l y  i n  t h e  m a t r i x .  

The p i t s  f r e q u e n t l y  d e v e l o p e d  and e x t e n d e d  a l o n g  s t r a i g h t  l i n e s  

which ,  f r o m  t h e i r  r e l a t i v e  p o s i t i o n ,  p r o b a b l y  r e p r e s e n t e d  s l i p  

p l a n e s  i n  t h e  m a t e r i a l .  

C o r r o s i o n  o f  t h e  X7375-T6 p l a t e  d e v e l o p e d  a s  a s p e c k l i n g  

o f  t h e  m a t r i x  and a s  a n  o u t l i n i n g  o f  t h e  g r a i n  s t r u c t u r e  by 

d i s c r e t e  p i t s  and c r e v i c e s  a l o n g  g r a i n  b o u n d a r i e s  ( F i g .  32 ) .  

The  m a t r i x  s p e c k l i n g  p r o b a b l y  r e p r e s e n t s  p i t t i n g  o f  t h e  s o l i d  

s o l u t i o n  b e c a u s e  t h e r e  were no c o n s t i t u e n t s ,  d i s p e r s o i d s ,  o r  

p r e c i p i t a t e s  o f  any  a p p r e c i a b l e  s i z e  i n  t h e  m a t r i x  o f  t h i s  

m a t e r i a l .  The s h a l l o w  p i t t i n g  a l o n g  b o u n d a r i e s  may r e p r e s e n t  

a t t a c k  o f  boundary  p r e c i p i t a t e  p a r t i c l e s ,  a s u p p o s i t i o n  which 

w i l l  h a v e  t o  be  v e r i f i e d  by e l e c t r o n  m i c r o s c o p e  e x a m i n a t i o n s .  

The i n t e r g r a n u l a r  c r e v i c e s  a p p e a r e d  t o  b e  t r u e  i n t e r g r a n u l a r  

c o r r o s i o n .  T h i s  c o r r o s i o n  b e h a v i o r  c o r r e s p o n d s  t o  t h a t  

o b s e r v e d  i n  t h e  N a C l - H 2 0 2  c o r r o s i o n  t e s t .  

Wi th  t h e  X7375 p l a t e  i n  t h e  T 7 3 - t y p e  t e m p e r ,  c o r r o s i o n  

was p r i m a r i l y  i n t e r g r a n u l a r  i n  n a t u r e ,  b u t  w a s  combined w i t h  

c u b i c  p i t t i n g  oE t h e  t y p e  found  i n  7075-T73 a l l o y .  Wi th  X7375 

a l l o y ,  t h e  i n i t i a l  c o r r o s i o n  was a c t u a l l y  o f  t h e  p i t t i n g  t y p e  

and  was i n i t i a t e d  n e a r  c o n s t i t u e n t s  and a t  a p p a r e n t l y  random 

s i t e s  i n  t h e  m a t r i x ,  L a t e r ,  however ,  a t t a c k  a t  g r a i n  
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b o u n d a r i e s  commenced, and  p r o c e e d e d  r a p i d l y  u n t i l  an i n t e r -  

g r a n u l a r  ne twork  o f  c o r r o s i o n  h a d  formed.  F u r t h e r  c o r r o s i o n  

r e s u l t e d  i n  a s p r e a d i n g  o f  t h e  a t t a c k  f rom t h e  b o u n d a r i e s  i n t o  

t h e  g r a i n s  by t h e  c u b i c - p i t t i n g  mode. The s e r i e s  o f  m i c r o -  

g r a p h s  i n  F i g u r e  33 i l l u s t r a t e s  t h i s  s e q u e n c e  o f  e v e n t s .  

I n  a d d i t i o n  t o  t h e  o b s e r v a t i o n  o f  s u r f a c e  c o r r o s i o n ,  

t h e  p e n e t r a t i o n  o f  t h e  c o r r o s i o n  i n t o  t h e  m a t e r i a l s  w a s  f o l l o w e d .  

Samples  were exposed  t o  t h e  NaC1-A1C13-HC1 s o l u t i o n  (pH 1) f o r  

s e v e r a l  p e r i o d s  and  t h e n  examined i n  c r o s s  s e c t i o n .  The 

maximum e x p o s u r e  t i m e  w a s  s i x  h o u r s ,  which i s  l o n g e r  t h a n  any  

o f  t h e  s t r e s s e d  spec imens  were e x p o s e d .  T h i s  w a s  p a r t  o f  t h e  

groundwork l a i d  f o r  t h e  o b s e r v a t i o n  o f  s t r e s s - c o r r o s i o n  

i n i t i a t i o n ,  b e c a u s e  i t  d e f i n e d ,  a t  l e a s t  r e l a t i v e l y ,  t h e  r a t e  

o f  p r o g r e s s i o n  o f  i n t e r g r a n u l a r  o r  p i t t i n g  c o r r o s i o n  i n  t h e  

a b s e n c e  o f  s t r e s s .  

The p r o g r e s s  o f  c o r r o s i o n  i n t o  t h e  s a m p l e s  f r o m  

t h e  s u r f a c e  w a s  c o m p a r a t i v e l y  s l o w  f o r  a l l  a l l o y s  and t e m p e r s ,  

compared t o  t h e  e x p e c t e d  c r a c k - g r o w t h  r a t e s  i n  t h e  same c o r r o d i n g  

medium. The t y p e s  of  a t t a c k  matched  t h o s e  o b s e r v e d  on s u r f a c e s  

o f  u n s t r e s s e d  s p e c i m e n s .  The maximum d e p t h s  o f  a t t a c k  a t  t h e  

end o f  t h e  s i x - h o u r  e x p o s u r e  a r e  l i s t e d  i n  T a b l e  I X .  

Wi th  t h e  T 3 5 1  and T 3 7  t e m p e r s  o f  2219 a l l o y ,  t h e  

a t t a c k  w a s  o f  t h e  i n t e r g r a n u l a r  t y p e ,  s t a r t i n g  and  p r o c e e d i n g  

a l o n g  a p p a r e n t l y  random b o u n d a r i e s  a s  shown by t h e  t y p i c a l  

m i c r o g r a p h s  o f  2219-T351 s a m p l e s  i n  F i g u r e  34. A t t a c k  o f  t h e  

a r t i f i c i a l l y  aged  t e m p e r s ,  T 8 5 1  and T 8 7 ,  d e v e l o p e d  a c e l l u l a r  

a p p e a r a n c e  i n  c r Q s s  s e c t i o n ,  a s  shown by t h e  m i c r o g r a p h s  o f  
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2219-T851 spec imens  i n  F i g u r e  35. T h i s  c o n f i g u r a t i o n  i s  i n d i c a -  

t i v e  o f  some t y p e  o f  s e l e c t i v e  a t t a c k ,  p o s s i b l y  r e l a t e d  t o  

r e s i d u a l  i n g o t  c o r i n g .  S i n c e  t h e s e  t e m p e r s  were n o t  s u s c e p t i b l e  

t o  s t r e s s - c o r r o s i o n  c r a c k i n g ,  however ,  t h e  p a t h  o f  t h e  p i t t i n g  

i s  p r o b a b l y  n o t  p e r t i n e n t  t o  c r a c k  i n i t i a t i o n .  

Wi th  7075-T6 a l l o y ,  a t t a c k  w a s  o f  t h e  i n t e r g r a n u l a r  

and i n t e r f r a g m e n t a r y  t y p e .  The i n t e r g r a n u l a r  t y p e  p r o c e e d e d  

a l o n g  t h e  b o u n d a r i e s  o f  t h e  f r a g m e n t  c l u s t e r s ,  d e s i g n a t e d  a s  

" f o r m e r s s  gra in  b o u n d a r i e s .  The  i n t e r f r a g m e n t a r y  a t t a c k  p r o c e e d e d  

s e l e c t i v e l y  a l o n g  f r a g m e n t  b o u n d a r i e s  and d e v e l o p e d  l a r g e  a r e a s  

h a v i n g  a spongy a p p e a r a n c e ,  and l a r g e  p i t s  where g r o u p s  o f  

f r a g m e n t s  had  been  i s o l a t e d  and were removed d u r i n g  t h e  m e t a l l o -  

g r a p h i c  p r e p a r a t i o n  o f  t h e  s e c t i o n s  ( F i g ,  3 6 ) .  A t t a c k  o f  7075- 

T 7 3  w a s  o f  t h e  c u b i c - p i t t i n g  t y p e ,  a s  h a d  been  o b s e r v e d  o n  t h e  

p r e - p o l i s h e d  s u r f a c e s ,  and d e v e l o p e d  l a r g e ,  r a g g e d  p i t s  w i t h  

s m a l l e r  c u b i c  p i t s  a round  t h e i r  e d g e s  ( F i g .  3 7 ) ,  

Specimens  o f  X7375-T6 a l l o y  were c h a r a c t e r i z e d  by a 

c o m b i n a t i o n  o f  s e l e c t i v e  a t t a c k  a l o n g  t h e  b o u n d a r i e s  o f  t h e  

r e l a t i v e l y  l a r g e  r e c y r s t a l l i z e d  g r a i n s  and a s e l e c t i v e  p i t t i n g  

o f  t h e  t y p e  o b s e r v e d  i n  t h e  a r t i f i c i a l l y  aged  t e m p e r s  o f  2219 

a l l o y .  The 7'73-type t e m p e r  o f  X7375 a l l o y  d e v e l o p e d  p r i m a r i l y  

a s e l e c t i v e  i n t e r g r a n u l a r  a t t a c k .  A s  d i s c u s s e d  p r e v i o u s l y ,  

t h e  T73- type  t r e a t m e n t  a p p l i e d  t o  t h i s  a l l o y  w a s  n o t  s u f f i c i e n t  

t o  e l i m i n a t e  t h e  s u s c e p t i b i l i t y  t o  i n t e r g r a n u l a r  a t t a c k  b e c a u s e  

o f  t h e  s l o w e r  d i f f u s i o n  and p r e c i p i t a t i o n  r a t e s  p r e v a i l i n g  i n  ' 

t h e  a b s e n c e  o f  chromium. 
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E l e c t r o n  Mic roscopv  

The  d e t a i l s  o f  t h e  c o r r o s i o n  o f  t h e  v a r i o u s  m a t e r i a l s  

were i n v e s t i g a t e d  u s i n g  e l e c t r o n  mic roscopy .  F o r  t h i s  work,  

t h e  o x i d e  r e p l i c a  t e c h n i q u e  was u s e d  b e c a u s e  it h a s  t h e  a l m o s t  

u n i q u e  a b i l i t y  to r e v e a l  t h e  s u r f a c e s  o f  t i n y  f i s s u r e s ,  c r e v i c e s  

and c r a c k s ,  a s  w e l l  a s  t h e  s u r f a c e  t o p o g r a p h y  o f  a spec imen.  

When a spec imen  i s  immersed i n  t h e  e l e c t r o l y t e  f o r  making t h e  

o x i d e  r e p l i c a ,  t h e  s o l u t i o n  g e n e r a l l y  p e n e t r a t e s  t o  t h e  b a s e  o f  

t h e  c r a c k  o r  c r e v i c e .  When a n o d i z i n g  v o l t a g e  i s  a p p l i e d ,  t h e  

s u r f a c e s  o f  t h e  c r a c k  a r e  c o n v e r t e d  t o  o x i d e .  When t h e  m e t a l  

i s  s u b s e q u e n t l y  removed, e i t h e r  by ama lgamat ion  o r  a n o d i c  

s o l u t i o n ,  t h e  r e m a i n i n g  o x i d e  f i l m  i s  a f a i t h f u l  r e p l i c a  o f  t h e  

s u r f a c e s  o f  t h e  c r a c k .  I n  t h e  c a s e  o f  s t r e s s - c o r r o s i o n  c r a c k s ,  

t h i s  t e c h n i q u e  r e v e a l s  t h e  t o p o g r a p h i c a l  f e a t u r e s  o f  t h e  s u r f a c e s  

o f  t h e  g r a i n s  s e p a r a t e d  by t h e  c r a c k  and a l s o  t h e  s h a p e  o f  t h e  

c r a c k  f r o n t  a s  it p r o g r e s s e s  a l o n g  t h e  boundary  r e g i o n .  

The manner  i n  which t h i s  t y p e  o f  r e p l i c a  r e v e a l s  

s t r u c t u r e  i s  shown i n  F i g u r e  38. With s u r f a c e  f e a t u r e s  o r  

s t r u c t u r e s  w i t h i n  t h e  o p e n  mouth o f  a c r a c k  o r  c r e v i c e ,  t h e  

e l e c t r o n  beam p e n e t r a t e s  a s i n g l e  t h i c k n e s s  of o x i d e  r e p l i c a  

and t h e  image i s  r e l a t i v e l y  l i g h t .  A r e a s  wi t . h in  a c r a c k  o r  

c r e v i c e  a p p e a r  d a r k  b e c a u s e  t h e  e l e c t r o n  beam must  p e n e t r a t e  

t h r e e  l a y e r s  o f  t h e  o x i d e  r e p l i c a ,  t h a t  on  t h e  s u r f a c e  o f  t h e  

spec imen p l u s  t h e  f i l m s  on  b o t h  s u r f a c e s  o f  t h e  c r a c k .  The 

f u r t h e s t  p e n e t r a t i o n  o f  t h e  d a r k  a r e a  r e p r e s e n t s  t h e  c o r r o s i o n  

f r o n t  o r  c r a c k  f r o n t .  
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E x a m i n a t i o n s  o f  o x i d e  r e p l i c a s  o f  2219 a l l o y  u n s t r e s s e d  

spec imens  i n  t h e  T 3 5 1  and T 3 7  t e m p e r s ,  b o t h  o f  which were 

s u s c e p t i b l e  t o  i n t e r g r a n u l a r  a t t a c k ,  r e v e a l e d  a c o r r o s i o n  f r o n t  

which p e n e t r a t e d  be tween g r a i n s  i n  a v e r y  i r r e g u l a r  manner 

( F i g s .  39 and 40),  The c o r r o s i o n  f r o n t  d e v e l o p e d  c h a n n e l s  and 

c r y s t a l l o g r a p h i c  t u n n e l s  a l o n g  b o u n d a r i e s  and o f t e n  c h a n n e l s  o f  

c o r r o s i o n  j o i n e d ,  i s o l a t i n g ,  a t  l e a s t  t e m p o r a r i l y ,  c e r t a i n  

p o r t i o n s  o f  t h e  boundary  r e g i o n .  As c o r r o s i o n  p r o g r e s s e d ,  g r a i n  

boundary  p a r t i c l e s  and i s l a n d s  o f  c o r r o s i o n  p r o d u c t s  were l e f t  

b e h i n d .  The g r a i n  s u r f a c e s  l e f t  by t h e  p a s s a g e  of t h e  c o r r o s i o n  

f r o n t  were q u i t e  rough a t  t h e  40,000 m a g n i f i c a t i o n  u s e d  i n  

some o f  t h e s e  e x a m i n a t i o n s ,  b u t  no s p e c i f i c  p a t t e r n  o f  r o u g h n e s s  

w a s  a p p a r e n t .  

I n  t h e  a r t i f i c i a l l y  aged  t e m p e r s ,  T 8 5 1  and T 8 7 ,  l i g h t  

m i c r o s c o p e  e x a m i n a t i o n s  h a d  r e v e a l e d  t h a t  c o r r o s i o n  began  a s  a 

f i n e  s u r f a c e  s p e c k l i n g ,  The e l e c t r o n  m i c r o s c o p e  e x a m i n a t i o n s  

showed t h a t  t h e  a t t a c k  c o n s i s t e d  o f  s m a l l  c u b i c  p i t s .  Some were 

a l i g n e d  a l o n g  g r a i n  b o u n d a r i e s ,  t e n d i n g  t o  d e f i n e  t h e  g r a i n  

s t r u c t u r e  i n  c e r t a i n  r e g i o n s ,  b u t  t h e r e  w a s  no s i g n i f i c a n t  

boundary  p e n e t r a t i o n ,  I n  t h e  m a t r i x ,  t h e  p i t s  were s c a t t e r e d  

a t  random b u t  were a l i g n e d  i n  t h e  d i r e c t i o n  o f  t h e  p r e c i p i t a t e  

p l a t e l e t s  d e v e l o p e d  d u r i n g  a r t i f i c i a l  a g i n g ,  which were a l s o  

a p p a r e n t  i n  t h e  r e p l i c a s .  F i g u r e  41 shows a t y p i c a l  c o r r o s i o n  

p a t t e r n .  

Dur ing  t h e  e x a m i n a t i o n s  o f  r e p l i c a s  f rom t h e  a r t i f i -  

c i a l l y  aged 2219 a l l o y  s a m p l e s ,  t h e  r o l e  o f  c e r t a i n  c o n s t i t u e n t  

p a r t i c l e s  i n  t h e  c o r r o s i o n  p r o c e s s  w a s  a p p a r e n t .  The p a r t i c l e s  
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t h e m s e l v e s  were n o t  a t t a c k e d  b u t  t h e y  were s u r r o u n d e d  by  t h e  

f i n e  p i t s .  Some showed a h e a v y  c o n c e n t r a t i o n  o f  p i t s  a t  t h e  

p a r t i c l e - m a t r i x  i n t e r f a c e .  O t h e r s  h a d  p i t s  e x t e n d i n g  o u t w a r d  

f r o m  t h e  p a r t i c l e ,  t h e  i n t e n s i t y  o f  t h e  p i t s  d e c r e a s i n g  a s  t h e  

d i s t a n c e  f r o m  t h e  p a r t i c l e - m a t r i x  i n t e r f a c e  i n c r e a s e d  ( F i g .  4 2 ) .  

T h i s  c o n c e n t r a t i o n  o f  p i t s  i n  t h e  m a t r i x  i n d i c a t e s  t h a t  t h e  

p a r t i c l e  was c a t h o d i c  t o  t h e  m a t r i x .  T h e s e  o b s e r v a t i o n s  a r e  of  

i n t e r e s t  i n  c o n n e c t i o n  w i t h  t h e  c o r r o s i o n  mechanism b u t  a r e  

a p p a r e n t l y  n o t  i m p o r t a n t  t o  c r a c k  i n i t i a t i o n  b e c a u s e  t h e s e  

t e m p e r s  e x h i b i t e d  good r e s i s t a n c e  t o  s t r e s s  c o r r o s i o n .  

E x a m i n a t i o n s  o f  r e p l i c a s  f r o m  c o r r o d e d  7075-T6 s p e c i m e n s ,  

which were s u s c e p t i b l e  t o  i n t e r g r a n u l a r  a t t a c k ,  r e v e a l e d  a v e r y  

i r r e g u l a r  c o r r o s i o n  f r o n t  p e n e t r a t i n g  a l o n g  b o u n d a r i e s .  The 

c o r r o s i o n  f r o n t  h a d  an  a n g u l a r  s h a p e  and  t h e  g r a i n  s u r f a c e s  
li 

exposed  by t h e  c o r r o s i v e  a t t a c k  h a d  a f a c e t e d  a p p e a r a n c e  

( F i g .  4 3 ) ,  i n d i c a t i n g  t h a t  c o r r o s i o n  was by  a c u b i c - p i t t i n g  

mode. 

A t t a c k  o f  7075-T73 was n o t  s e l e c t i v e  b u t  was a l s o  by  

a c u b i c - p i t t i n g  mode. Many f i n e  p i t s  were o b s e r v e d  i n  t h e  

m a t r i x ,  a s  was t h e  c a s e  w i t h  t h e  a r t i f i c i a l l y  aged  t e m p e r s  o f  

2219 a l l o y .  Also, t h e r e  were l a r g e  f a c e t e d  a r e a s  ( F i g .  4 4 ) ,  

which p r e s u m a b l y  r e p r e s e n t e d  t h e  l a r g e  c u b i c  p i t s  o b s e r v e d  

w i t h  t h e  l i . g h t  m i c r o s c o p e .  I n  a d d i t i o n ,  t h e r e  was some 

c o n c e n t r a t i o n  o f  p i t t i n g  o n  " f o r m e r "  g r a i n  b o u n d a r i e s  and  on  

f r a g m e n t  b o u n d a r i e s ,  b u t  t h i s  a t t a c k  d i d  n o t  p e n e t r a t e  i n  t h e  

manner o b s e r v e d  w i t h  samples  i n  t h e  T 6  t e m p e r .  
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E l e c t r o n  m i c r o s c o p e  r e p l i c a s  f r o m  t h e  X7375 a l l o y  

s p e c i m e n s  a g a i n  r e v e a l e d  t h e  manner  i n  which i n t e r g r a n u l a r  

a t t a c k  p e n e t r a t e s  a l o n g  g r a i n  b o u n d a r i e s .  W h i l e  t h i s  a l l o y  

was n o t  o f  p r i m e  c o n c e r n  t o  t h e  o b j e c t i v e s  o f  t h e  c o n t r a c t ,  

some e x c e l l e n t  i l l u s t r a t i o n s  were p r o v i d e d  o f  t h e  d e v i o u s  p a t h s  

by  which  i n t e r g r a n u l a r  a t t a c k  c a n  p e n e t r a t e  a boundary  r e g i o n .  

One o f  t h e s e  i s  shown i n  F i g u r e  45, which  i l l u s t r a t e s  t h e  e x t r e m e  

i r r e g u l a r i t y  o f  a c o r r o s i o n  f r o n t  numerous i s o l a t e d  a r e a s ,  and  

e x t e n s i v e  p e n e t r a t i o n  t o  t h e  s i d e  f r o m  a c o m p a r a t i v e l y  n a r r o w  

e n t r a n c e  o n  a boundary .  

S t r e s s e d  Slaecimen 

A s p e c i a l  ' ! tun ing- fork"  t y p e  o f  spec imen  was d e s i g n e d  

f o r  t h i s  c o n t r a c t .  Wi th  t h i s  s p e c i m e n ,  s t r e s s  i s  a p p l i e d  t o  

t h e  o u t e r  s u r f a c e  o f  t h e  base o f  t h e  f o r k  by b r i n g i n g  t o g e t h e r  

t h e  two l e g s ,  and t h e  d e s i g n  i s  s u c h  t h a t  t h e  a r e a  o f  maximum 

s t r e s s  i s  c o m p a r a t i v e l y  s m a l l .  T h i s  f e a t u r e  f a c i l i t a t e d  m i c r o -  

s c o p i c  e x a m i n a t i o n  o f  c r a c k  i n i t i a t i o n  by r e s t r i c t i n g  t h e  a r e a  

i n  which  c r a c k s  were most  l i k e l y  t o  form.  The  d i m e n s i b n s  o f  

t h e  s p e c i m e n  were s e l e c t e d  t o  p e r m i t  t e s t i n g  t h e  p l a t e  o n e  

i n c h  be low t h e  s u r f a c e  u n d e r  s h o r t - t r a n s v e r s e ,  l o n g - t r a n s v e r s e  

o r  l o n g i t u d i n a l  s t r e s s .  When t h e  p l a n e  o f  t h e  s p e c i m e n  was 

p e r p e n d i c u l a r  t o  t h e  s u r f a c e  o f  t h e  p l a t e ,  s h o r t - t r a n s v e r s e  

s t r e s s  was o b t a i n e d .  With t h e  p l a n e  o f  t h e  spec imen  p a r a l l e l  

t o  t h e  s u r f a c e  o f  t h e  p l a t e ,  l o n g - t r a n s v e r s e  s t r e s ses  were 

o b t a i n e d  when t h e  a x i s  o f  t h e  spec imen  was p a r a l l e l  t o  t h e  

r o l l i n g  d i r e c t i o n ,  and  l o n g i t u d i n a l  s t resses  were d e v e l o p e d  

when t h e  s p e c i m e n  a x i s  was p e r p e n d i c u l a r  t o  t h e  r o l l i n g  

d i r e c t i o n ,  The  s p e c i m e n  d e s i g n  i s  shown i n  F i g u r e  46. 
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The s t r e s s - d e f l e c t i o n  r e l a t i o n s h i p s  f o r  t h e  spec imen  

were d e t e r m i n e d  u s i n g  7075-T6 and 7075-T73 spec imens .  The two 

t y p e s  were s i m i l a r .  With 2219 a l l o y  t h e r e  i s  a b o u t  a 2% d i f f e r -  

e n c e  b e c a u s e  o f  t h e  s m a l l  d i f f e r e n c e  i n  e l a s t i c  modulus be tween 

t h i s  a l l o y  and 7075 a l l o y ,  T h i s  w a s  n o t  c o n s i d e r e d  s i g n i f i c a n t  

f o r  t h i s  i n v e s t i g a t i o n ,  however ,  and a n  a v e r a g e  p l o t  f o r  t h e  

7075 a l l o y  spec imens  was u s e d  f o r  s t r e s s i n g  t h e  c o r r o s i o n  t e s t  

spec imens  ( F i g .  4 7 ) .  Toward t h e  end o f  t h e  p e r i o d  c o v e r e d  by 

t h i s  r e p o r t ,  i t  w a s  f o u n d  t h a t  t h e  a c t u a l  s t r e s s  f o r  a g i v e n  

d e f l e c t i o n  w a s  s l i g h t l y  h i g h e r  t h a n  t h a t  i n d i c a t e d  i n  

F i g u r e  47 b e c a u s e  o f  a b i a x i a l  s t r e s s  c o n d i t i o n  a s s o c i a t e d  w i t h  

t h e  s h a p e  o f  t h e  spec imen .  The d i f f e r e n c e  amounted t o  o n l y  a 

f e w  p e r  c e n t ,  however ,  and i s  n o t  c o n s i d e r e d  s i g n i f i c a n t  a s  

f a r  a s  t h e  p r i n c i p a l  s t r e s s i n g  d i r e c t i o n  i s  c o n c e r n e d .  

d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  m a j o r  s t r e s s ,  t h e  b i a x i a l  

c o n d i t i o n  i n t r o d u c e d  a s i g n i f i c a n t  s t r e s s  component which 

i n f l u e n c e d  c r a c k  i n i t i a t i o n ,  a s  w i l l  b e  d e s c r i b e d  i n  a l a t e r  

s e c t i o n  o f  t h i s  r e p o r t .  N e w  and more p r e c i s e  c a l i b r a t i o n  

c u r v e s  a r e  b e i n g  made and w i l l  b e  u s e d  d u r i n g  t h e  r e m a i n d e r  o f  

t h e  c o n t r a c t  work. 

I n  t h e  

I n  p r e p a r i n g  t h e  spec imen  f o r  e x p o s u r e ,  it was f i r s t  

s t r e s s e d  t o  an  a p p r o p r i a t e  l e v e l .  The * s t r e s s e d  f a c e  w a s  t h e n  

g round  and p o l i s h e d  t h r o u g h  a l l  b u t  t h e  f i n a l  m e t a l l o g r a p h i c  

p o l i s h i n g  o p e r a t i o n .  A l l  s u r f a c e s  e x c e p t  t h e  s t r e s s e d  f a c e  

were t h e n  c o a t e d ,  f i r s t  w i t h  g l y p t a l  and t h e n  w i t h  a beeswax- 

r o s i n  m i x t u r e ,  t o  i n s u l a t e  them f rom t h e  s o l u t i o n  when t h e  

spec imen  was exposed .  The f i n a l  p o l i s h i n g  o p e r a t i o n  w a s  t h e n  
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p e r f o r m e d ,  a p r e - c u t  m a s k  was a p p l i e d  t o  t h e  p o l i s h e d  s u r f a c e  

and t h e  spec imen  w a s  exposed .  The  o p e n i n g  i n  t h e  mask was 

r e c t a n g u l a r  i n  s h a p e ,  a b o u t  o n e  s q u a r e  c e n t i m e t e r  i n  a r e a ,  and 

w a s  l o c a t e d  i n  t h e  a p p r o x i m a t e  c e n t e r  o f  t h e  m a s k ,  T h i s  

r e s t r i c t e d  t h e  exposed  a r e a  t o  t h e  most h i g h l y  s t r e s s e d  r e g i o n  

o f  t h e  f a c e ,  e l i m i n a t e d  a n y  e d g e  e f f e c t s ,  and p r o v i d e d  a n  a r e a  

s m a l l  enough t o  be  examined r a p i d l y  u n d e r  t h e  l i g h t  m i c r o s c o p e .  

A s t r e s s e d  spec imen r e a d y  f o r  e x p o s u r e  i s  shown i n  F i g u r e  48. 

C o r r o s i o n  o f  S t r e s s e d  Spec imens  

S t r e s s e d  spec imens  o f  t h e  e i g h t  a l l o y s  and t e m p e r s  

i n v o l v e d  i n  t h i s  work were exposed  t o  t h e  pH 1 NaCl -AlC13-HC1 

s o l u t i o n  d e s c r i b e d  p r e v i o u s l y ,  A s t r e s s  o f  75% Y , S ,  w a s  

s e l e c t e d  a s  b e i n g  optimum for t h e  m a j o r i t y  o f  t h e  work b e c a u s e  

t h i s  s t ress  l e v e l  d e v e l o p e d  c r a c k s  i n  s u s c e p t i b l e  spec imens  a t  

a r a t e  which w a s  r e a s o n a b l y  r a p i d ,  y e t  s l o w  enough t o  p e r m i t  

o b s e r v a t i o n  of  c r a c k  i n i t i a t i o n  and e a r l y  p r o p a g a t i o n .  F o r  t h e  

f i r s t  t e s t s ,  s h o r t - t r a n s v e r s e  s t r e s ses  were u s e d  b e c a u s e  o f  t h e  

h i g h  c r a c k i n g  r a t e s  o f  s u s c e p t i b l e  a l l o y s  when s t r e s s e d  i n  

t h i s  d i r e c t i o n .  Some work w a s  done  w i t h  s t resses  o t h e r  t h a n  

75% Y , S ,  and w i t h  l o n g i t u d i n a l  s t r e s ses ,  a s  w i l l  be  d e s c r i b e d  

i n  l a t e r  s e c t i o n s  o f  t h i s  r e p o r t .  

The  e x a m i n a t i o n s  c o n s i s t e d  o f  o b s e r v i n g  t h e  p o l i s h e d  

s u r f a c e s  and  t a k i n g  m i c r o g r a p h s  o f  s e l e c t e d  a r e a s  a t  a p p r o p r i a t e  

i n t e r v a l s ,  a s  had  b e e n  done  w i t h  u n s t r e s s e d  s p e c i m e n s .  The 

i n t e r r u p t i o n s  f o r  m i c r o g r a p h y  t e n d e d  t o  r e t a r d  t h e  r e s u m p t i o n  

o f  c r a c k  p r o p a g a t i o n  b e c a u s e  o f  f i l m  f o r m a t i o n  d u r i n g  e x p o s u r e  

t o  a i r ,  b u t  t h e  p a t h  o f  c r a c k i n g  was n o t  changed .  
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Dur ing  t h i s  p h a s e  o f  t h e  work,  t h e  i n e v i t a b l e  q u e s t i o n  

a r o s e  a s  t o  what  c o n s t i t u t e d  t h e  " c r a c k - i n i t i a t i o n "  s t a g e  w i t h  

which t h i s  work w a s  p r i m a r i l y  c o n c e r n e d .  T h i s  q u e s t i o n  w a s  

p a r t i c u l a r l y  p e r t i n e n t  b e c a u s e ,  u n d e r  t h e  m i c r o s c o p e ,  many 

c r a c k s  were s e e n  t o  f i r s t  form and grow, t h e n  become s t a g n a n t  

and ,  f i n a l l y ,  c l o s e  a g a i n ,  a s i t u a t i o n  r e s u l t i n g  f rom l o c a l  s t r e s s  

r e l i e f  by t h e  f o r m a t i o n  o f  a more p e r s i s t e n t  c r a c k  i n  t h e  

v i c i n i t y .  The  " c r a c k - i n i t i a t i o n "  s t a g e  w a s  a r b i t r a r i l y  chosen  

t o  i n c l u d e  b o t h  t h e  a c t u a l  b e g i n n i n g  o f  t h e  c r a c k  and i t s  e a r l y  

p r o p a g a t i o n ,  

L i q h t  M i c r o s c o o y  - S u r f a c e  O b s e r v a t i o n  

I n  t h e  t e s t s  o f  2219-T351 and 2219-T37 s p e c i m e n s ,  

c r a c k s  i n i t i a t e d  on  b o u n d a r i e s  o r i e n t e d  normal  t o  t h e  d i r e c t i o n  

o f  s t r e s s  and ,  i n  some c a s e s ,  a t  g r a i n  j u n c t i o n s .  They 

p r o g r e s s e d  a l o n g  b o u n d a r i e s  p e r p e n d i c u l a r  t o  t h e  s t r e s s ,  and  

p r o c e e d e d  q u i t e  r a p i d l y  a s  l o n g  a s  b o u n d a r i e s  h a v i n g  t h i s  

f a v o r a b l e  o r i e n t a t i o n  l a y  i n  t h e i r  p a t h ,  Because  of  t h e  r e l a -  

t i v e l y  e q u i a x e d  g r a i n  s t r u c t u r e  o f  2219 a l l o y ,  however ,  t h e  

growing  c r a c k  would f r e q u e n t l y  e n c o u n t e r  a n  u n f a v o r a b l e  boundary  

o r i e n t a t i o n  ( n o t  p e r p e n d i c u l a r  t o  s t r e s s )  and  t h e  c r a c k  would 

become s t a l l e d . ,  An i n s t a n c e  o f  t h i s  i s  shown i n  F i g u r e  49 

where  a c r a c k  d e v e l o p e d  t o  a c o n s i d e r a b l e  l e n g t h  a l o n g  a - s e r i e s  

o f  f a v o r a b l y  o r i e n t e d  b o u n d a r i e s  d u r i n g  1 2  m i n u t e s  o f  e x p o s u r e  

and t h e n  c e a s e d  t o  grow. A s  i n d i c a t e d  by F i g u r e  50, which 

shows t h e  ends  o f  t h e  i n i t i a l  c r a c k  a t  h i g h e r  m a g n i f i c a t i o n ,  

b o t h  ends  o f  t h e  c r a c k  e n c o u n t e r e d  u n f a v o r a b l e  boundary  

o r i e n t a t i o n s ,  A t  e a c h  end ,  t h e  c o m b i n a t i o n  o f  s t r e s s  and 

c o r r o s i o n  l e d  t o  t h e  deve lopment  o f  new c r a c k s  a l o n g  more 
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f a v o r a b l y  o r i e n t e d  p a t h s  r a t h e r  t h a n  e x t e n s i o n  o f  t h e  o r i g i n a l  

c r a c k .  

The c r i t i c a l  e f f e c t  o f  g r a i n - b o u n d a r y  o r i e n t a t i o n  i s  

a l s o  shown i n  t h e  h igh -power  l i g h t  m i c r o g r a p h  a t  t h e  t o p  of  

F i g u r e  51. Here two p a r a l l e l  c r a c k s  h a v e  formed,  t h e  l o w e r  o n e  

a l o n g  t h e  f a v o r a b l y  o r i e n t e d  b o u n d a r i e s  o f  a s e r i e s  of s e v e n  

g r a i n s .  Many o t h e r  b o u n d a r i e s  were p r e s e n t  a l o n g  t h i s  c r a c k  b u t  

deve lopmen t  was s l i g h t  b e c a u s e  o f  i n s u f f i c i e n t  s t r e s s  a c r o s s  

t h e s e  b o u n d a r i e s  e 

The c o n s t i t u e n t  p a r t i c l e s  i n  2219 a l l o y  h a d  l i t t l e  o r  

no d i r e c t  i n f l u e n c e  o n  c r a c k  i n i t i a t i o n  a s  shown by  t h e  l o w e r  

m i c r o g r a p h  i n  F i g u r e  51. Numerous p a r t i c l e s  a r e  p r e s e n t  i n  t h i s  

f i e l d ,  b o t h  w i t h i n  g r a i n s  and on  b o u n d a r i e s .  The m a j o r  p o r t i o n  

o f  t h e  c r a c k ,  however ,  i s  a l o n g  a boundary  h a v i n g  o n l y  o c c a s i o n a l  

p a r t i c l e s .  T o  t h e  l o w e r  l e f t ,  c r a c k  deve lopmen t  h a s  s e l e c t e d  

b o u n d a r i e s  f r e e  o f  p a r t i c l e s  and h a s  i g n o r e d  a boundary  

c o n t a i n i n g  a number o f  p a r t i c l e s  

I n  t e s t s  o f  2219-T851, which w a s  r e s i s t a n t  t o  s t r e s s -  

c o r r o s i o n  c r a c k i n g ,  p i t t i n g  a t t a c k  o c c u r r e d  b u t  no c r a c k s  

d e v e l o p e d ,  a s  shown by F i g u r e  52. The  p i t t i n g  w a s  somewhat 

d i r e c t i o n a l ,  a s  h a d  b e e n  o b s e r v e d  w i t h  u n s t r e s s e d  s p e c i m e n s ,  

b u t  t h e r e  w a s  no i n d i c a t i o n  o f  any  change  i n  t h e  c o r r o s i o n  

a t t a c k  a s  a r e s u l t  o f  t h e  s t r e s s ,  

With  2219-T87 s p e c i m e n s ,  t h e r e  w a s  a n o k i c e a b l e  

t e n d e n c y  f o r  c o r r o s i o n  t o  l i n e  up p e r p e n d i c u l a r  t o  t h e  s t r e s s  

a s  shown by F i g u r e  53. A l s o ,  a f e w ,  s h o r t ,  i n t e r g r a n u l a r  

f i s s u r e s  were o b s e r v e d ,  s i m i l a r  t o  t h o s e  f o u n d  i n  u n s t r e s s e d  

s p e c i m e n s ,  b u t  t h e s e  were n o t  s e l e c t i v e l y  o r i e n t e d  p e r p e n d i c u l a r  
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t o  t h e  s t ress , ,  The p ronounced  o r i e n t a t i o n  o f  t h e  p i t t i n g  

c o r r o s i o n  i s  a n  i n d i c a t i o n  t h a t  s t r e s s  i s  i n f l u e n c i n g  c o r r o s i o n  

i n  t h i s  p a r t i c u l a r  i n s t a n c e ,  T h i s  may c o r r e l a t e  w i t h  t h e  f a c t  

t h a t  o n e  spec imen  i n  t h e  s t r e s s - c o r r o s i o n  t e s t  f a i l e d  a f t e r  a 

f a i r l y  l o n g  p e r i o d  ( T a b l e  IV), 

I n  t h e  t e s t s  o f  7075-T6 spec imens  s t r e s s e d  s h o r t -  

t r a n s v e r s e l y  t o  75% Y . S . ,  c r a c k s  i n i t i a t e d  and d e v e l o p e d  v e r y  

r a p i d l y  i n  t h e  pH 1 NaCl-AlC13-HC1 s o l u t i o n .  The c r a c k s  were 

v e r y  s t r a i g h t  and  n a r r o w ,  and were p e r p e n d i c u l a r  t o  t h e  s t r e s s  

a s  shown by t h e  c o m p o s i t e  m i c r o g r a p h  i n  F i g u r e  54. E t c h i n g  t o  

r e v e a l  t h e  g r a i n  s t r u c t u r e  d i s c l o s e d  t h a t  a l l  c r a c k s  i n i t i a t e d  

and p r o p a g a t e d  on " f o r m e r "  b o u n d a r i e s  ( b o u n d a r i e s  o f  f r a g m e n t  

c l u s t e r s ) ,  T h e s e ,  a s  shown i n  F i g u r e s  8 and 9 ,  were o r i e n t e d  

p a r a l l e l  t o  t h e  s u r f a c e  o f  t h e  p l a t e ,  were h i g h l y  e l o n g a t e d  i n  

t h e  r o l l i n g  d i r e c t i o n  and ,  t h e r e f o r e ,  were  most h i g h l y  s t r e s s e d  

by t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n  t e n s i o n  s t r e s s  

Examina t ion  a t  h i g h e r  m a g n i f i c a t i o n  w a s  made t o  

e x p l o r e  t h e  c r a c k  i n i t i a t i o n  s i t e s  and t o  o b s e r v e  embryonic  

c racks . ,  I n  one  t y p i c a l  r u n ,  no c r a c k s  d e v e l o p e d  d u r i n g  a s i x -  

m i n u t e  e x p o s u r e ,  b u t  many c r a c k s  were e v i d e n t  a f t e r  a s e v e n -  

m i n u t e  e x p o s u r e .  O f  t h e s e  c r a c k s ,  some were b a r e l y  v i s i b l e  

(0.0003'' i n  l e n g t h ) ,  w h e r e a s ,  o t h e r s  had  grown t o  a l e n g t h  o f  

a s  much a s  0.008". Some had  no p a r t i c u l a r  m i c r o s t r u c t u r a l  

f e a t u r e  a s s o c i a t e d  w i t h  t h e i r  o r i g i n  ( F i g s .  55c  and  5 5 d ) ,  

O t h e r s  formed a t  t i n y  p i t s  which a p p a r e n t l y  d e v e l o p e d  when 

c e r t a i n  p a r t i c l e s  of m i c r o c o n s t i t u e n t s  d i s s o l v e d  o u t  d u r i n g  

t h e  i n i t i a l  moments o f  t h e  c o r r o s i o n  e x p o s u r e  ( F i g s .  5 5 a  and 

5 5 b ) .  These  p a r t i c l e s  were a p p a r e n t l y  o f  a p a r t i c u l a r  t y p e  
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( p r o b a b l y  Mg2Si) b e c a u s e  o t h e r  m i c r o c o n s t i t u e n t  p a r t i c l e s  were 

n o t  a t t a c k e d  and ,  i n  f a c t ,  were a v o i d e d  b y  t h e  embryonic  c r a c k s .  

I t  d o e s  n 9 t  a p p e a r  t h a t  t h e s e  p i t s  a r e  o f  i m p o r t a n c e  i n  t h e  

i n i t i a t i o n  o f  s t r e s s - c o r r o s i o n  c r a c k s  however ,  b e c a u s e  o t h e r  

c r a c k s  formed i n  t h e  same  t ime w i t h o u t  any  s u c h  p i t s .  It  w a s  

c o n c l u d e d ,  t h e r e f o r e ,  t h a t  w h i l e  c o r r o s i o n  p i t s  c a n  a c t  a s  f o c a l  

p o i n t s  f o r  c r a c k  deve lopmen t ,  t h e y  a r e  n o t  a r e q u i r e m e n t  f o r  

c r a c k  i n i t i a t i o n .  

A d d i t i o n a l  i n f o r m a t i o n  on  t h e  i n i t i a t i o n  and e a r l y  

p r o p a g a t i o n  o f  a s t r e s s - c o r r o s i o n  c r a c k  i n  7075-T6, and t h e  

i n f l u e n c e  o f  c o n s t i t u e n t  p a r t i c l e s  and p i t s  d e v e l o p e d  by 

d i s s o l u t i o n  o f  t h e s e  p a r t i c l e s ,  i s  shown by t h e  s e r i e s  o f  

m i c r o g r a p h s  o f  a s i n g l e  a r e a  ( F i g .  56), A f t e r  an e x p o s u r e  o f  

e i g h t  m i n u t e s ,  no c r a c k s  had  d e v e l o p e d  anywhere on  t h e  spec imen  

and t h e  o n l y  c o r r o s i o n  w a s  t i n y , s c a t t e r e d  p i t s  d e v e l o p e d  by 

d i s s o l u t i o n  o f  c o n s t i t u e n t  p a r t i c l e s .  The most i m p o r t a n t  o f  

t h e s e  were t h e  l a r g e r  p i t s  t o  t h e  l e f t  o f  c e n t e r  and t h e  p a i r  

o f  s m a l l e r  p i t s  j u s t  t o  t h e  r i g h t  o f  c e n t e r .  A t  t h e  13 -minu te  

p e r i o d ,  a s t r e s s - c o r r o s i o n  c r a c k  h a d  e n t e r e d  t h e  f i e l d  f rom 

t h e  l e f t  and h a d  p r o g r e s s e d  i n t o  t h e  l a r g e r  p i t .  T h i s  w a s  a s  

f a r  a s  t h e  c r a c k  eve r  e x t e n d e d  i n  t h i s  d i r e c t i o n ,  i n d i c a t i n g  

t h a t  t h e  rounded  s h a p e  o f  t h e  p i t  might  h a v e  b l u n t e d  t h e  

s t r e s s  f i e l d  a t  t h e  t i p  o f  t h e  c r a c k ,  and  t h a t  t h e  p i t  v e r y  

d e f i n i t e l y  d i d  n o t  promote  c r a c k  p r o p a g a t i o n ,  

I n  t h e  f o l l o w i n g  t h r e e  m i n u t e s ,  t h e  i n i t i a l  c r a c k  

widened  b u t  d i d  n o t  e x t e n d ,  a new c r a c k  d e v e l o p e d  i n  t h e  f i e l d ,  

and a t h i r d  c r a c k  w a s  j u s t  e n t e r i n g  t h e  f i e l d  f rom t h e  r i g h t .  
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The new c r a c k  may h a v e  s t a r t e d  a t  t h e  p i t s  b u t  t h i s  i s  q u e s t i o n -  

a b l e  b e c a u s e  t h e  w i d e s t  p o r t i o n  o f  t h e  c r a c k  i s  t o  t h e  l e f t  o f  

t h e  p i t s .  The u n a t t a c k e d  c o n s t i t u e n t  p a r t i c l e s  d i d  n o t  a p p e a r  

t o  p l a y  a m a j o r  p a r t  i n  c r a c k  i n i t i a t i o n .  The f a c t  t h a t  c r a c k s  

s k i r t e d  s u c h  p a r t i c l e s ,  however ,  may i n d i c a t e  t h a t  t h e  d i f f e r -  

e n c e  i n  e l a s t i c  modulus be tween p a r t i c l e  and m a t r i x  may i n c r e a s e  

t h e  s t r e s s  s i g n i f i c a n t l y  a t  t h e  p a r t i c l e - m a t r i x  i n t e r f a c e  a s  a 

c r a c k  a p p r o a c h e s .  

The  d e f o r m a t i o n  i n  t h e  r e g i o n  be tween t h e  two c r a c k s ,  

which formed be tween 13 and 16 m i n u t e s  e x p o s u r e ,  i l l u s t r a t e s  

t h e  v e r y  h i g h  s t r e s s e s  t h a t  c a n  d e v e l o p  l o c a l l y  a t  t h e  ends  o f  

s t r e s s - c o r r o s i o n  c r a c k s .  The s t r e s s  w a s  s o  g r e a t  t h a t  t h e  two 

c r a c k s  j o i n e d  w i t h i n  t h e  n e x t  two m i n u t e s  o f  e x p o s u r e .  I t  i s  

b e l i e v e d  t h a t  t h e  c r a c k s  j o i n e d  by a s t r e s s - c o r r o s i o n  mechanism 

b e c a u s e  t h e  f i s s u r e  p r o g r e s s e s  d i r e c t l y  t h r o u g h  t h e  m i d d l e  o f  

t h e  deformed r e g i o n  r a t h e r  t h a n  a l o n g  t h e  e d g e s  o f  t h e  d e f o r -  

m a t i o n  b l o c k s  which h a d  a l r e a d y  s l i p p e d .  

A s t r i n g  o f  embryonic  s t r e s s - c o r r o s i o n  c r a c k s  i n  

7075-T6, t h e  l o n g e s t  of which i s  o n l y  a b o u t  0.0005" i n  l e n g t h ,  

i s  shown i n  F i g u r e  57. A t  e a c h  end of each  c r a c k ,  t h e  s t ress-  

c o n c e n t r a t i n g  e f f e c t  o f  t h e  c r a c k  h a s  r a i s e d  t h e  s t r e s s  enough 

t o  c a u s e  p l a s t i c  d e f o r m a t i o n ,  a s  i n d i c a t e d  by t h e  r u m p l i n g  o f  

t h e  p o l i s h e d  s u r f a c e .  T h i s  v e r y  h i g h  s t ress  would a l m o s t  

c e r t a i n l y  l e a d  t o  j o i n i n g  o f  t h e  c r a c k s  i n t o  a s i n g l e  l o n g  

c r a c k  on  f u r t h e r  e x p o s u r e ,  Comparing t h e  t w o  m i c r o g r a p h s  i n  

F i g u r e  57 shows v e r y  d e f i n i t e l y  t h a t  c r a c k i n g  i s  e n t i r e l y  

a l o n g  a " f o r m e r "  boundary ,  T h i s  p a r t i c u l a r  boundary  i s  
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be tween " f o r m e r  g r a i n s "  h a v i n g  c o n s i d e r a b l y  d i f f e r e n t  o r i e n t a -  

t i o n ,  a s  i n d i c a t e d  by t h e  d i f f e r e n c e  i n  e t c h i n g  c o l o r a t i o n .  

T h i s  f a c t  may b e  t h e  r e a s o n  t h a t  c r a c k  i n i t i a t i o n  o c c u r r e d  o n  

t h i s  boundary  r a t h e r  t h a n  o t h e r  b o u n d a r i e s  a p p a r e n t  i n  t h e  

m i c r o g r a p h .  

S t r e s s e d  spec imens  of 7075-T73 a l l o y  d i d  n o t  d e v e l o p  

c r a c k s .  C o r r o s i o n  w a s  o f  t h e  c u b i c - p i t t i n g  t y p e  and showed no 

d i r e c t i o n a l i t y  w i t h  r e s p e c t  t o  e i t h e r  t h e  d i r e c t i o n  o f  s t r e s s  

o r  t h e  d i r e c t i o n a l i t y  o f  m i c r o s t r u c t u r e  ( F i g .  58) 

Wi th  s t r e s s e d  spec imens  o f  X7375-T6 a l l o y ,  c r a c k s  

d e v e l o p e d  q u i t e  r a p i d l y ,  and a f t e r  a s h o r t  e x p o s u r e  many f a i r l y  

l o n g  c r a c k s  were p r e s e n t  ( F i g .  5 9 ) -  T h e s e  c r a c k s  o c c u r r e d  a t  

t h e  b o u n d a r i e s  of t h e  l a r g e  r e c r y s t a l l i z e d  g r a i n s  and were 

w i d e s t  on  t h o s e  b o u n d a r i e s  o r i e n t e d  normal  t o  t h e  d i r e c t i o n  of  

s t r e s s  ( F i g .  5 9 d ) .  Cracks  d i d  n o t  e x t e n d ,  o r  p r o g e s s e d  w i t h  

a p p a r e n t  d i f f i c u l t y ,  when t h e y  e n c o u n t e r e d  u n f a v o r a b l y  o r i e n t e d  

b o u n d a r i e s .  When s u c h  b o u n d a r i e s  were e n c o u n t e r e d ,  d i s t o r t i o n  

o f  t h e  p o l i s h e d  s u r f a c e  w a s  n o t e d  a t  t h e  c r a c k  t i p ,  showing 

t h a t  s t r e s ses  t h e r e  were v e r y  h i g h  and  h a d  c a u s e d  p l a s t i c  

d e f o r m a t i o n  ( F i g .  5 9 c )  

I n  t h e  T73- type  t e m p e r g  X7375 a l l o y  spec imens  

d e v e l o p e d  l a r g e  a n g u l a r  p i t s , o f  t h e  c u b i c  v a r i e t y ,  and a b r o a d  

i n t e r g r a n u l a r  a t t a c k  ( F i g .  60)  T h e s e  f e a t u r e s  were s i m i l a r  

t o  t h o s e  o b s e r v e d  o n  u n s t r e s s e d  spec imens  ( F i g .  33).  T h e r e  

was no i n d i c a t i o n  o f  s t r e s s - c o r r o s i o n  c r a c k i n g  o r  o f  any  e f f e c t  

o f  s t r e s s  on  c o r r o s i o n ,  i n  s p i t e  o f  t h e  f a c t  t h a t  f a i l u r e s  

were e n c o u n t e r e d  i n  t h e  s t r e s s - c o r r o s i o n  t e s t s  o f  t h i s  

m a t e r i a l .  
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L i q h t  M i c r o s c o p y  - Cross S e c t i o n s  

Cross s e c t i o n s  o f  t h e  s t r e s s - c o r r o s i o n  t e s t  spec imens  

were examined t o  f o l l o w  t h e  i n i t i a l  s t a g e s  of  t h e  deve lopment  o f  

s t r e s s - c o r r o s i o n  c r a c k s .  T h i s  a p p e a r e d  a d v i s a b l e  b e c a u s e ,  a s  

i s  g e n e r a l l y  known, many c r a c k s  c a n  fo rm,  b u t  o n l y  a r e l a t i v e l y  

f e w  which grow t o  a p p r e c i a b l e  ' s i z e  a r e  r e s p o n s i b l e  f o r  s t r e s s -  

c o r r o s i o n  f a i l u r e .  

Wi th  a spec imen  o f  2219-T351 a l l o y  s t r e s s e d  t o  75% 

Y e s .  i n  t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n  and exposed  t o  t h e  pH 1 

t e s t  s o l u t i o n  f o r  one  h o u r ,  numerous c r a c k s  d e v e l o p e d  on t h e  

p o l i s h e d  spec imen  s u r f a c e .  I n  c r o s s  s e c t i o n ,  it w a s  o b s e r v e d  

t h a t  o n l y  a r e l a t i v e l y  f e w  c r a c k s  e x t e n d e d  t o  any  a p p r e c i a b l e  

d e p t h .  A l s o ,  t h e s e  m a j o r  c r a c k s  were s p a c e d  a c o n s i d e r a b l e  

d i s t a n c e  a p a r t .  T h i s  i n d i c a t e s  t h a t  i n  p r o g r e s s i n g  ahead  o f  

t h e i r  n e i g h b o r s ,  t h e s e  c r a c k s  had  r e l i e v e d  t h e  s t r e s s  l o c a l l y  

s o  t h a t  t h e  minor  c r a c k s  c o u l d  n o t  grow. A s  c r a c k s  p r o g r e s s e d  

i n w a r d ,  t h e y  s e l e c t e d  t h e  g r a i n  b o u n d a r i e s  most n e a r l y  p e r p e n -  

d i c u l a r  t o  t h e  s t r e s s  a s  shown by F i g u r e  61. 

S i m i l a r  f e a t u r e s  were  o b s e r v e d  on  c r o s s  s e c t i o n i n g  

a 2219-T37 spec imen  s t r e s s e d  and exposed  i n  a s i m i l a r  manner 

f o r  30 m i n u t e s  ( F i g .  62). T h i s  spec imen  w a s  t h e  o n e  f rom 

which F i g u r e s  49 and 50 were t a k e n ,  The  p a r t i c u l a r  c r a c k  

i l l u s t r a t e d  h a d  c l o s e d  a p p r e c i a b l y  on s e c t i o n i n g ,  b u t  t h e  

l e n g t h  o f  t h e  f i s s u r e  i n d i c a t e s  t h a t  it i s  a c t u a l l y  a c r a c k  

r a t h e r  t h a n  a c o r r o s i o n  s t r i n g e r ,  I n  t h i s  c r a c k ,  t h e  p a t h  i s  , 

d o m i n a n t l y  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  s t r e s s .  A t  o n e  

p o i n t ,  t h e  c r a c k  t e n d e d  t o  b r a n c h ,  b u t  t h e  r e s o l v e d  s t r e s s  
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o n  t h e  boundary  was a p p a r e n t l y  l e s s  and  t h e  c r a c k  s o u g h t  and 

found  a more f a v o r a b l y  o r i e n t e d  p a t h .  

Wi th  t h e  T851 and T87 t e m p e r s  o f  2219 a l l o y ,  w i t h  

which no s u r f a c e  c r a c k s  were o b s e r v e d  ( F i g s .  52 and 531, o n l y  

a d i r e c t i o n a l  p i t t i n g  w a s  o b s e r v e d  i n  c r o s s  s e c t i o n  ( F i g .  63). 

No i n d i c a t i o n s  o f  a n  e f f e c t  of  s t r e s s  were noted.,  

Crack  deve lopmen t  was f o l l o w e d  by examin ing  c r o s s  

s e c t i o n s ,  t a k e n  a f t e r  d i f f e r e n t  p e r i o d s ,  f r o m  7075-T6 a l l o y  

samples  s t r e s s e d  t o  75% Y.S. i n  t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n .  

I n  t h e  e a r l i e s t  s t a g e s ,  when c r a c k s  were f i r s t  v i s i b l e  o n  t h e  

m e t a l l o g r a p h i c a l l y  p o l i s h e d  s u r f a c e  ( F i g ,  55) t h e y  were 

e x t r e m e l y  s h a l l o w  and c o u l d  n o t  be  found  w i t h  r e a s o n a b l e  

c e r t a i n t y  on  c r o s s  s e c t i o n s  ., 

A f t e r  l o n g e r  e x p o s u r e s t  c e r t a i n  c r a c k s  h a d  become 

dominant  and c o u l d  b e  o b s e r v e d  r e a d i l y  i n  c r o s s  s e c t i o n .  

W h i l e  s u c h  s e c t i o n s  were o n l y  t w o - d i m e n s i o n a l  p r e s e n t a t i o n s  

o f  a t h r e e - d i m e n s i o n a l  phenomenon, f o l l o w i n g  a c r a c k  a c r o s s  a 

number o f  m i c r o s c o p e  f i e l d s  gave  a f a i r l y  c o n v i n c i n g  p i c t u r e  

o f  t h e  i n f l u e n c e  o f  m i c r o s t r u c t u r a l  f e a t u r e s  on  s t r e s s -  

c o r r o s i o n  c r a c k  deve lopmen t .  With a t y p i c a l  c r a c k  o b s e r v e d  

i n  t h i s  manner  ( F i g .  64), development  o c c u r r e d  a l m o s t  e n t i r e l y  

a l o n g  " f o r m e r "  b o u n d a r i e s ,  and g e n e r a l l y  a l o n g  t h o s e  

b o u n d a r i e s  o r i e n t e d  most n e a r l y  normal  t o  t h e  d i r e c t i o n  o f  

s t r e s s .  As it p r o g r e s s e d ,  t h e  c r a c k  came t o  boundary  j u n c t i o n s  

and b r a n c h e s  s t a r t e d  t o  form,  b u t  t h e n  t h e  most  f a v o r a b l e  

boundary  o r i e n t a t i o n  w a s  s e l e c t e d  f o r  p r o p a g a t i o n .  Nea r  t h e  

m i d p o i n t  o f  t h e  c r a c k j  a f a i r l y  l a r g e  b r a n c h  formed t o w a r d  

a g roup  o f  c o n s t i t u e n t  p a r t i c l e s .  I t  c o u l d  n o t  be  e s t a b l i s h e d  
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w h e t h e r  t h i s  b r a n c h  s t o p p e d  b e c a u s e  o f  t h e  p a r t i c l e s  o r  b e c a u s e  

o f  a n  u n f a v o r a b l e  boundary  c o n d i t i o n ,  b u t  it i s  a p p a r e n t  t h a t  

t h e  p a r t i c l e s  were n o t  h a r m f u l .  I n  c e r t a i n  r e g i o n s  t h e  c r a c k  

w a s  n o t  c o n t i n u o u s  o n  t h e  p o l i s h e d  s e c t i o n ,  t h e  c r a c k  a p p a r e n t l y  

h a v i n g  s o u g h t  a f a v o r a b l e  boundary  o r i e n t a t i o n  above  o r  be low 

t h e  p l a n e  o f  p o l i s h .  

C r o s s  s e c t  i o n s  o f  7075-T73 s t r e s s e d  s h o r t  -t r a n s - v e r s e l y  

t o  75% Y . S .  r e v e a l e d  o n l y  s h a l l o w  c u b i c  p i t t i n g  ( F i g .  6 5 a )  o f  

t h e  t y p e  o b s e r v e d  on  t h e  s u r f a c e  o f  t h i s  s a m e  spec imen  ( F i g .  58) 

and on  t h e  u n s t r e s s e d  spec imen  ( F i g .  31) .  

With  X7375 a l l o y ,  which w a s  a c o m p l e t e l y  r e c r y s t a l l i z e d ,  

r e l a t i v e l y  l a r g e - g r a i n e d  m a t e r i a l ,  c r a c k s  p r o c e e d e d  a l o n g  

b o u n d a r i e s  normal  t o  t h e  s t r e s s  and s o u g h t  o u t ,  p a r t i c u l a r l y ,  

p a t h s  composed o f  s e r i e s  o f  f a v o r a b l y  o r i e n t e d  b o u n d a r i e s  

( F i g .  80), With  X7375 i n  t h e  T 7 3  t y p e  t e m p e r ,  i n t e r g r a n u l a r  

p e n e t r a t i o n  w a s  o b s e r v e d  a s  shown by F i g u r e  65b .  From t h e  w t d t h  

of  t h e  f i s s u r e  and i t s  a p p a r e n t l y  random d i r e c t i o n ,  t h e  

c r e v i c e  i s  a p p a r e n t l y  t h e  r e s u l t  o f  c o r r o s i o n  and i s  n o t  t h e  

r e s u l t  o f  s t r e s s  c o r r o s i o n .  T h i s  a g r e e s  w i t h  t h e  o b s e r v a t i o n  

made o n  t h e  s u r f a c e  o f  t h i s  s a m e  spec imen  ( F i g .  6 0 ) .  

E l  e c t r o  n Micros c o ~ y  

Toward t h e  end o f  t h e  p e r i o d  c o v e r e d  by t h i s  r e p o r t ,  

e l e c t r o n  m i c r o s c o p e  e x a m i n a t i o n s  o f  s t r e s s - c o r r o s i o n  t e s t  

s p e c i m e n s ,  s t r e s s e d  t o  75% Y . S .  i n  t h e  s h o r t - t r a n s v e r s e  

d i r e c t i o n ,  were s t a r t e d ,  The  work i n v o l v e d  t h e  u s e  o f  o x i d e  

r e p l i c a s  which ,  a s  d e s c r i b e d  p r e v i o u s l y ,  a r e  c a p a b l e  o f  

r e v e a l i n g  t o p o g r a p h i c a l  f e a t u r e s  w i t h i n  a c r a c k  o r  c r e v i c e ,  

a s  w e l l  a s  on  a s u r f a c e .  E x a m i n a t i o n s  were g e n e r a l l y  made o n  
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spec imens  s t r e s s e d  f o r  a c o m p a r a t i v e l y  s h o r t  t ime s o  t h a t  c r a c k s  

would b e  q u i t e  s m a l l ,  

A t  t h e  e l e c t r o n  m i c r o s c o p e  m a g n i f i c a t i o n s  u s e d  (5000- 

50,OOOX), most o f  t h e  t i n y  c r a c k s  o b s e r v e d  w i t h  t h e  l i g h t  

m i c r o s c o p e  were t o o  l a r g e  t o  b e  s e e n  i n  t h e i r  e n t i r e t y .  

E x p l o r i n g  a l o n g  a c r a c k ,  however ,  and  e x a m i n a t i o n s  o f  c r a c k s  

t o o  s m a l l  t o  b e  s e e n  w i t h  t h e  l i g h t  m i c r o s c o p e ,  p r o v i d e d  much 

i n f o r m a t i o n  r e g a r d i n g  c r a c k  i n i t i a t i o n ,  

I n  7075-T6 s t r e s s e d  s h o r t - t r a n s v e r s e l y  t o  75% Y . S . ,  

c r a c k s  g e n e r a l l y  s t a r t e d  a t  a p p a r e n t l y  random l o c a t i o n s  a l o n g  

b o u n d a r i e s ,  b u t  t h e r e  w a s  some i n d i c a t i o n  t h a t  boundary  

p r e c i p i t a t e  p a r t i c l e s  (M-phase)  c a n  a c t  a s  f o c a l  p o i n t s  f o r  

c r a c k  i n i t i a t i o n ,  Cracks  i n i t i a t e d  on  " f o r m e r "  g r a i n  b o u n d a r i e s  

r a t h e r  t h a n  o n  f r a g m e n t  b o u n d a r i e s ,  which a g r e e s  w i t h  t h e  l i g h t  

m i c r o s c o p e  o b s e r v a t i o n s  Cracks  f r e q u e n t l y  o r i g i n a t e d  a t  

m u l t i p l e  l o c a t i o n s  a l o n g  a boundary  and t h e  embryonic  f i s s u r e s  

j o i n e d  t o  make  a l a r g e r  c r a c k .  A s  i t  p r o g r e s s e d  be tween g r a i n s ,  

t h e  c r a c k  f r o n t  was e x t r e m e l y  r a g g e d  and a p p e a r e d  t o  p r o c e e d  by  

a c u b i c - p i t t i n g  mechanism b e c a u s e  t h e  g r a i n  f a c e s  l a i d  b a r e  by 

t h e  c r a c k  had  a f a c e t e d  a p p e a r a n c e .  

E l e c t r o n  m i c r o g r a p h s ,  i l l u s t r a t i n g  t y p i c a l  f e a t u r e s  

o b s e r v e d , a r e  p r e s e n t e d  a s  F i g u r e s  66-68, F i g u r e  66 shows t h e  

s t a r t  o f  a c r a c k  a l o n g  a boundary  and i t s  p e n e t r a t i o n  b e n e a t h  

t h e  spec imen  s u r f a c e .  

a p p a r e n t l y  r e p r e s e n t s  f r a g m e n t  b o u n d a r i e s ,  and t h e  l o n g ,  

s t r a i g h t  boundary  where  t h e  c r a c k  e n t e r e d  i s  a ' ' fo rmer"  g r a i n  

boundary ,  An embryonic  c r a c k ,  j u s t  s t a r t i n g  t o  p e n e t r a t e  a 

b o u n d a r y , i s  shown i n  F i g u r e  67. The  r a g g e d n e s s  o f  t h e  c r a c k  

The  v e i n i n g  o f  t h e  w a l l s  o f  t h e  c r a c k  
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f r o n t  and t h e  p r o g r e s s  o f  t h e  c r a c k  s i d e w a r d s  a s  w e l l  a s  

i n w a r d s  a r e  a p p a r e n t .  Along a n o t h e r  boundary ,  a s e r i e s  o f  

mark ings  were o b s e r v e d  which a p p e a r e d  t o  be  a s t r i n g  o f  p i t s .  

These  a r e  shown a t  h i g h e r  m a g n i f i c a t i o n  i n  F i g u r e  68. The 

l i g h t e r  p a r t s  o f  t h e s e  mark ings  a p p e a r  t o  b e  p i t s  g e n e r a t e d  by 

t h e  d i s s o l u t i o n  o f  boundary  p r e c i p i t a t e  p a r t i c l e s .  The  d a r k e r  

p a r t s  a r e  where c o r r o s i o n  i s  e n t e r i n g  t h e  boundary  r e g i o n  o r  

where a s t r e s s - c o r r o s i o n  c r a c k  i s  d e v e l o p i n g .  

S i m i l a r  e x a m i n a t i o n s  o f  s t r e s s e d  2219-T351 and X7375-T6 

spec imens  r e v e a l e d  f e a t u r e s  s i m i l a r  t o  t h o s e  o b s e r v e d  w i t h  

7075-T6, C r a c k s  i n i t i a t e d  a t  b o u n d a r i e s  and ,  i n  X7375, a t  

p a r t i c l e s  on  b o u n d a r i e s  Crack  p e n e t r a t i o n  w a s  h i g h l y  i r r e g u l a r ,  

o c c a s i o n a l l y  by -passed  c e r t a i n  s m a l l  a r e a s  t e m p o r a r i l y ,  

p r o c e e d e d  s i d e w a r d s  a l o n g  g r a i n  s u r f a c e s ,  and l e f t  m a r k i n g s  

on g r a i n  f a c e s  which were e i t h e r  boundary  p a r t i c l e s  o r  p i t s  

r e s u l t i n g  f rom d i s s o l u t i o n  o f  s u c h  p a r t i c l e s  e T y p i c a l  c r a c k  

p e n e t r a t i o n  o f  2219-T351 i s  shown i n  F i g u r e  69. C u b i c - t y p e  

c r a c k  p e n e t r a t i o n  and boundary  p e n e t r a t i o n  f rom p i t s  i n  

X7375-T6 a r e  shown i n  F i g u r e  70. 

E x a m i n a t i o n s  were a l s o  made o f  c o r r o d e d ,  s t r e s s e d  

7075-T73 s a m p l e s ,  I n  t h i s  s t r e s s - c o r r o s i o n - r e s i s t a n t  m a t e r i a l ,  

a t t a c k  o f  boundary  p a r t i c l e s  and some p e n e t r a t i o n  a l o n g  

b o u n d a r i e s  f rom p i t s  r e s u l t i n g  f rom d i s s o l u t i o n  o f  p a r t i c l e s  

were n o t e d  ( F i g .  711, P e n e t r a t i o n  a l o n g  b o u n d a r i e s  was v e r y  

s h a l l o w  and d i d  n o t  fo rm a c o n t i n u o u s  p a t h  a s  w a s  t h e  c a s e  

w i t h  t h e  T 6  t e m p e r  o f  t h i s  a l l o y .  Thus ,  b o t h  t h e  T 6  and T 7 3  

t e m p e r s  d e v e l o p e d  p i t s  a t  b o u n d a r i e s  f rom which  p e n e t r a t i o n  
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a l o n g  b o u n d a r i e s  o c c u r r e d .  S i n c e  o n l y  t h e  T 6  t e m p e r  i s  

s u s c e p t i b l e  t o  s t r e s s - c o r r o s i o n  c r a c k i n g ,  however ,  it can  b e  

c o n c l u d e d  t h a t  t h e s e  p i t s  a r e  n o t  t h e  s o l e  c a u s e  of  c r a c k  

i n i t i a t i o n  and may n o t  even  b e  a p a r t i c u l a r l y  i m p o r t a n t  f a c t o r .  

E f f e c t  o f  S t r e s s i n a  D i r e c t i o n  

I n  v i e w  o f  t h e  g r e a t  d i f f e r e n c e  i n  s t r e s s - c o r r o s i o n  

b e h a v i o r  be tween t h e  s h o r t - t r a n s v e r s e  and  l o n g i t u d i n a l  d i r e c t i o n s  

i n  s t a n d a r d  c o r r o s i o n  t e s t s  and  i n  commerc ia l  e x p e r i e n c e ,  c r a c k  

i n i t i a t i o n  phenomena a s s o c i a t e d  w i t h  l o n g i t u d i n a l  s t resses  were 

a l s o  i n v e s t i g a t e d . ,  I n  t h i s  p h a s e  o f  t h e  workg  t e s t s  were made 

o n l y  on a l l o y s  and t e m p e r s  h i g h l y  s u s c e p t i b l e  t o  s t r e s s - c o r r o s i o n  

c r a c k i n g  i n  t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n .  T h e s e  i n c l u d e d  

2 2 1 9 4 3 5 1  2219-T37, 7075-T6 and X7375-T6 

Wi th  2219 a l l o y  s t r e s s e d  l o n g i t u d i n a l l y ,  s t r e s s -  

c o r r o s i o n  c r a c k i n g  i n i t i a t e d  v e r y  r a p i d l y  and a t  t h e  same 

l o c a t i o n s  a s  i n  spec imens  s t r e s s e d  i n  t h e  s h o r t - t r a n s v e r s e  

d i r e c t i o n ,  A f t e r  o n l y  f i v e  m i n u t e s  e x p o s u r e  o f  a 2219-T351 

spec imen  t o  t h e  pH 1 NaCl-AlC13-HC1 s o l u t i o n ,  a number o f  v e r y  

d e f i n i t e  c r a c k s  h a d  d e v e l o p e d .  They  formed o n  b o u n d a r i e s  

g e n e r a l l y  p e r p e n d i c u l a r  t o  t h e  s t r e s s i n g  d i r e c t i o n ,  a s  w a s  t h e  

c a s e  w i t h  s h o r t - t r a n s v e r s e  s t r e s s e s .  With t h e  l o n g i t u d i n a l  

s t r e s s ,  however ,  t h e  b o u n d a r i e s  on  which c r a c k s  formed were 

t h o s e  which would h a v e  b l o c k e d  t h e  p r o g r e s s  of a c r a c k  i n  a 

spec imen  s t r e s s e d  s h o r t - t r a n s v e r s e l y .  

A s  t h e  c o r r o s i o n  e x p o s u r e  c o n t i n u e d ,  t h e  c r a c k s  i n  

t h e  l o n g i t u d i n a l l y  s t r e s s e d  spec imen  grew v e r y  s l o w l y  i f  a t  a l l .  
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A t y p i c a l  c r a c k  i s  shown i n  F i g u r e  72. It w a s  w e l l - d e f i n e d  

a f t e r  f i v e  m i n u t e s  o f  e x p o s u r e  ( F i g .  7 2 a )  b u t  d i d  n o t  i n c r e a s e  

i n  l e n g t h  o v e r  t h e  n e x t  55 m i n u t e s .  By t h e  end o f  t h e  h o u r ' s  

e x p o s u r e  ( F i g .  7 2 d ) ,  i n t e r g r a n u l a r  c o r r o s i o n  h a s  o u t l i n e d  t h e  

g r a i n  s t r u c t u r e .  I t  i s  a p p a r e n t  t h a t  t h e  c r a c k  w a s  h a l t e d  a t  

b o t h  ends  by g r a i n  b o u n d a r i e s  t h a t  were  p a r a l l e l  t o  t h e  s t r e s s  

and a c r o s s  which t h e r e  would b e  c o m p a r a t i v e l y  low s t r e s s ,  Th i s  

l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  e l o n g a t e d  g r a i n  c o n f i g u r a t i o n ,  

which p l a c e s  a g r e a t e r  number o f  f a v o r a b l y  o r i e n t e d  b o u n d a r i e s  

p e r p e n d i c u l a r  t o  s h o r t - t r a n s v e r s e  s t r e s ses  t h a n  t o  l o n g i t u d i n a l  

s t r e s s e s ,  i s  a m a j o r  f a c t o r  i n  t h e  d i r e c t i o n a l i t y  o f  s t r e s s -  

c o r r o s i o n  b e h a v i o r  

Wi th  l o n g i t u d i n a l l y  s t r e s s e d  7075-T6 a l l o y ,  c r a c k s  

a l s o  formed i n  a c o m p a r a t i v e l y  s h o r t  p e r i o d  b u t  g rew w i t h  g r e a t  

d i f f i c u l t y .  A s  shown by t h e  t y p i c a l  a r e a  i n  F i g u r e  73, s h o r t  

c r a c k s  h a d  d e v e l o p e d  p e r p e n d i c u l a r  t o  t h e  s t r e s s  a f t e r  1 2  

m i n u t e s ,  by  which t ime  spongy,  i n t e r f r a g m e n t a r y  c o r r o s i o n  h a d  

a l s o  o c c u r r e d .  A s  t h e  e x p o s u r e  c o n t i n u e d ,  t h e  c r a c k s  grew 

v e r y  s l o w l y ,  which i s  i n  s h a r p  c o n t r a s t  t o  t h e  r a p i d  c r a c k  

growth  i n  spec imens  s t r e s s e d  s h o r t - t r a n s v e r s e l y ,  A f t e r  105 

m i n u t e s '  e x p o s u r e ,  two w e l l - d e f i n e d  c r a c k s  h a v e  d e v e l o p e d  b u t  

t h e y  h a v e  f o l l o w e d  v e r y  d e v i o u s  p a t h s .  From t h e  s h a p e  o f  t h e s e  

p a t h s ,  and t h e  s h a p e  o f  t h e  n e s t s  o f  i n t e r f r a g m e n t a r y  c o r r o s i o n ,  

t h e  c r a c k s  a r e  a g a i n  o n  t h e  b o u n d a r i e s  o f  t h e  f r a g m e n t  c l u s t e r s  

which a r e  t h e  " f o r m e r "  g r a i n  b o u n d a r i e s .  S i n c e  t h e s e  

b o u n d a r i e s  a r e  h i g h l y  e l o n g a t e d  i n  t h e  r o l l i n g  d i r e c t i o n  o f  

t h e  p l a t e ,  o n l y  t h e i r  ends  a r e  h i g h l y  s t r e s s e d  by l o n g i t u d i n a l  
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s t r e s ses .  Thus ,  w h i l e  s m a l l  c r a c k s  may fo rm r e a d i l y ,  p r o p a -  

g a t i o n  i s  v e r y  d i f f i c u l t  b e c a u s e  c o n t i n u o u s ,  f a v o r a b l y  

o r i e n t e d  " former-boundary ' '  p a t h s  a r e  n o t  a v a i l a b l e .  

The r e a s o n  f o r  t h e  d i f f i c u l t y  i n  c r a c k  p r o p a g a t i o n  

w a s  a p p a r e n t  f rom c r o s s  s e c t i o n s  o f  t h e  l o n g i t u d i n a l l y  s t r e s s e d  

s p e c i m e n s ,  A s  shown by F i g u r e  74 f o r  2219 a l l o y  and F i g u r e  75 

f o r  7075-T6 a l l o y ,  t h e  b o u n d a r i e s  b e l o w  t h e  s u r f a c e  a s  w e l l  a s  

t h o s e  o n  t h e  s u r f a c e  were p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n .  

Thus ,  c r a c k  i n i t i a t i o n  and growth  were d o u b l y  d i f f i c u l t ,  f i r s t  

b e c a u s e  t h e r e  were v e r y  f e w  f a v o r a b l y  o r i e n t e d  b o u n d a r i e s  of 

a p p r e c i a b l e  l e n g t h  on  t h e  s u r f a c e  a n d ,  s e c o n d ,  b e c a u s e  most  o f  

t h e s e  h a d  a n  u n f a v o r a b l e  o r i e n t a t i o n  be low t h e  s u r f a c e .  

The e f f e c t s  o f  s t r e s s i n g  d i r e c t i o n  were shown q u i t e  

d r a m a t i c a l l y  by a d i r e c t  compar i son  o f  r e l a t i v e l y  l a r g e  a r e a s  

o f  s t r e s s e d  spec imens  a t  r e l a t i v e l y  l o w  m a g n i f i c a t i o n .  T h i s  

compar i son  i s  shown f o r  2219-T37 a l l o y  i n  F i g u r e s  76 and 77. 4 
With s h o r t - t r a n s v e r s e  s t r e s s  ( F i g .  76)  s e r i e s  o f  f a v o r a b l y  

o r i e n t e d  b o u n d a r i e s  a l o n g  t h e  r e c r y s t a l l i z e d  g r a i n s  a r e  

a v a i l a b l e  and r e l a t i v e l y  l o n g  c r a c k s  d e v e l o p  e a s i l y ,  With 

l o n g i t u d i n a l  s t r e s s  ( F i g .  771, however ,  c r a c k s  a l s o  d e v e l o p  

r a p i d l y  b u t  c o n t i n u i t y  o f  optimum b o u n d a r i e s  i s  n o t  a v a i l a b l e  

and c r a c k s  r ema in  s h o r t .  

T h i s  e f f e c t  was even  more p ronounced  w i t h  7075-T6 

a l l o y  b e c a u s e  o f  i t s  h i g h l y  e l o n g a t e d ,  u n r e c r y s t a l l i z e d  g r a i n  

s t r u c t u r e ,  Wi th  s h o r t - t r a n s v e r s e  s t r e s s  ( F i g .  781, l o n g  

c r a c k s  d e v e l o p e d  e a s i l y  a l o n g  " f o r m e r "  b o u n d a r i e s  e With  

l o n g i t u d i n a l  s t r e s s  ( F i g .  791, however ,  a l m o s t  no c r a c k s  
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d e v e l o p e d  even  a f t e r  a much l o n g e r  e x p o s u r e ,  I n  t h i s  f i g u r e ,  

c r a c k s  w i l l  be  n o t e d  p a r a l l e l  t o  t h e  s t r e s s i n g  d i r e c t i o n .  

These  were formed u n d e r  t h e  i n f l u e n c e  o f  t h e  low s h o r t -  

t r a n s v e r s e  s t r e s s  a s s o c i a t e d  w i t h  t h e  b i a x i a l  s t r e s s  c o n d i t i o n .  

T h i s  e m p h a s i z e s  s t r o n g l y  t h e  e f f e c t  o f  g r a i n  c o n f i g u r a t i o n  and  

s t r e s s i n g  d i r e c t i o n  b e c a u s e  a r e l a t i v e l y  l o w  s h o r t - t r a n s v e r s e  

s t r e s s  d e v e l o p e d  more and l a r g e r  c r a c k s  t h a n  a l o n g i t u d i n a l  

s t r e s s  s e v e r a l  t imes a s  l a r g e .  

F u r t h e r  e v i d e n c e  o f  t h e s e  e f f e c t s  w a s  o b s e r v e d  w i t h  

X 7 3 7 5  a l l o y  which h a s  a n  a l m o s t  e q u i a x e d  r e c y r s t a l l i z e d  s t r u c t u r e .  

With s h o r t - t r a n s v e r s e  s t r e s s ,  c r a c k s  formed r e a d i l y  a l o n g  t h e  

b o u n d a r i e s  o f  t h e  l a r g e  g r a i n s  ( F i g .  80 ) .  With l o n g i t u d i n a l  

s t r e s s  ( F i g .  81), boundary  o r i e n t a t i o n  w a s  a l s o  q u i t e  f a v o r a b l e  

and c r a c k s  i n i t i a t e d  and d e v e l o p e d  w i t h  a l m o s t  e q u a l  ea se .  

T h i s  compar i son  o f  c r a c k  i n i t i a t i o n  u n d e r  s h o r t -  

t r a n s v e r s e  and l o n g i t u d i n a l  s t r e s s e s  showed t h a t  c r a c k  

i n i t i a t i o n  i s  s i m i l a r  i n  b o t h  d i r e c t i o n s  and t h a t  t h e  d i f f e r -  

e n c e  i n  s t r e s s - c o r r o s i o n  b e h a v i o r  i s  r e l a t e d  t o  t h e  a b i l i t y  

o f  c r a c k s  t o  p r o p a g a t e .  I n  t u r n ,  t h e  a b i l i t y  t o  p r o p a g a t e  i s  

d e t e r m i n e d  by t h e  number o f  stress-corrosion-susceptible p a t h s  

o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  d i r e c t i i o n  o f  s t r e s s .  

X 7 3 7 5  a l l o y ,  t h e  e q u i a x e d  g r a i n  s t r u c t u r e  made c r a c k i n g  

e q u a l l y  e a s y  i n  b o t h  d i r e c t i o n s .  With 2219 a l l o y ,  which h a d  

a r e c r y s t a l l i z e d  s t r u c t u r e  c o n s i s t i n g  o f  somewhat e l o n g a t e d  

g r a i n s ,  t h e  d i r e c t i o n a l i t y  o f  t h e  g r a i n  s t r u c t u r e  and t h e  

a l i g n m e n t  o f  b o u n d a r i e s  o f  n e i g h b o r i n g  g r a i n s  w a s  a c o n t r o l -  

l i n g  f a c t o r  and c r a c k i n g  o c c u r r e d  more r e a d i l y  w i t h  

With 
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s h o r t - t r a n s v e r s e  s t r e s ses  e I n  7075 a l l o y ,  i n  which " f o r m e r "  

g r a i n  b o u n d a r i e s  were t h e  c o r r o s i o n - s u s c e p t i b l e  p a t h ,  c o n f i g u -  

r a t i o n  w a s  e x t r e m e l y  i m p o r t a n t  b e c a u s e  t h e s e  f o r m e r  b o u n d a r i e s  

h a d  n o t  b e e n  b r o k e n  up and i n t e r r u p t e d  by  f a b r i c a t i o n  and 

r e c r y s t a l l i z a t i o n ,  T h i s  p r o v i d e d  v e r y  e a s y  p a t h s  f o r  c r a c k  

development  u n d e r  t h e  i n f l u e n c e  o f  s h o r t - t r a n s v e r s e  s t r e s ses  

b u t  v e r y  d i f f i c u l t  p a t h s  w i t h  l o n g i t u d i n a l  s t r e s s e s .  

E f f e c t  o f  S u r f a c e  Rouqhness  

Dur ing  t h e  c o n t r a c t  p e r i o d  c o v e r e d  by  t h i s  r e p o r t ,  

an  i n v e s t i g a t i o n  w a s  made o f  t h e  e f f e c t  o f  i n d i v i d u a l  t o p o -  

g r a p h i c a l  i r r e g u l a r i t i e s  on c r a c k  i n i t i a t i o n .  

p roduced  and m e c h a n i c a l l y  p roduced  i r r e g u l a r i t i e s  were e v a l u a t e d .  

The  f o r m e r  would s i m u l a t e  p i t s  d e v e l o p e d  d u r i n g  t h e  i n i t i a l  

Both c h e m i c a l l y  

. 

s t a g e s  of  a s t r e s s - c o r r o s i o n  e x p o s u r e ,  which a r e  c l a i m e d  t o  

b e  t h e  c r a c k  i n i t i a t i o n  s i t e s ,  The l a t t e r  i n v o l v e  n o t  o n l y  t h e  

s t r e s s - r a i s e r  a c t i o n  o f  t h e  i r r e g u l a r i t y  i t s e l f ,  which i s  

s i m i l a r  t o  t h a t  o f  t h e  p i t ,  b u t  a l s o  a c e r t a i n  d e g r e e  o f  

l o c a l i z e d  p l a s t i c  d e f o r m a t i o n  and r e s i d u a l  s t r e s s  a t t e n d a n t  

upon t h e  f o r m a t i o n  o f  t h e  i r r e g u l a r i t y .  

The c h e m i c a l  p r o d u c t i o n  o f  i n d i v i d u a l  p i t s ,  which 

c a n  be  done  r e a d i l y  on  u n a l l o y e d  aluminum or c e r t a i n  h i g h -  

p u r i t y  aluminum a l l o y s ,  p roved  t o  b e  more d i f f i c u l t  w i t h  2219 

and 7075 a l l o y s  Whi l e  i d e a l  " e t c h - p i t t i n g "  s o l u t i o n s  were 

n o t  f o u n d ,  a d e q u a t e  t r e a t m e n t s  were d e v e l o p e d  f o r  b o t h  a l l o y s .  

The s o l u t i o n s  u s e d  were b a s e d  on  a m i x t u r e  o f  lOOcc 

d i s t i l l e d  w a t e r  and lOOcc e t h a n o l  s a t u r a t e d  w i t h  NaC1. The 

s o l u t i o n  u s e d  f o r  2219 a l l o y  spec imens  a l s o  c o n t a i n e d  3 0 c c  
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e a c h  o f  HC1 and H N 0 3  and w d s  o p e r a t e d  a t  60°F. 

were u s e d  t o  h o l d  t h e  spec imen  t o  i n t r o d u c e  a s l i g h t  g a l v a n i c  

e t c h i n g  e f f e c t .  T h i s  p r o c e d u r e  d e v e l o p e d  random p i t s  o n  

e i t h e r  s t r e s s e d  o r  u n s t r e s s e d  spec imens .  

Nichrome t o n g s  

The s o l u t i o n  u s e d  w i t h  7075 a l l o y  w a s  t h e  s a m e  

NaC1-Ethanol-H20 b a s e  w i t h  a n  a d d i t i o n  o f  4 c c  HF. 

w a s  u s e d  a t  a b o u t  450F and a g a i n  n ichrome t o n g s  were u s e d  t o  

o b t a i n  t h e  g a l v a n i c  e f f e c t .  T h i s  s o l u t i o n  d e v e l o p e d  s c a t t e r e d  

p i t s  o n  u n s t r e s s e d  spec imens  b u t  c o u l d  n o t  b e  u s e d  w i t h  s t r e s s e d  

spec imens  b e c a u s e  i t  c a u s e d  c r a c k i n g .  

T h i s  s o l u t i o n  

The m e c h a n i c a l l y  p roduced  i r r e g u l a r i t i e s  were  made 

w i t h  a diamond s c r i b e  on a m e t a l l o g r a p h  and were  o f  two t y p e s .  

One w a s  a "punch m a r k , "  d e v e l o p e d  by b r i n g i n g  t h e  m a r k e r  i n t o  

l i g h t  c o n t a c t  w i t h  t h e  s u r f a c e  o f  t h e  s t r e s s e d  spec imen .  The 

o t h e r  t y p e  c o n s i s t e d  o f  s c r i b e  m a r k s  d e v e l o p e d  by e s t a b l i s h i n g  

c o n t a c t  be tween s c r i b e  and spec imen  s u r f a c e  and t h e n  moving 

t h e  spec imen  w i t h  t h e  m i c r o s c o p e  s t a g e .  S c r i b e  m a r k s  o f  

v a r i o u s  d e p t h s  were made b o t h  p a r a l l e l  and p e r p e n d i c u l a r  t o  

t h e  s t r e s s i n g  d i r e c t i o n .  

I n  t h e  e v a l u a t i o n  o f  c h e m i c a l l y  p roduced  r o u g h n e s s ,  

t e s t s  were made o f  2219-T37, 2219-T87, 7075-T6 and 7075-T73, 

s t r e s s e d  t o  75% Y.S. i n  t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n .  The 

s t r e s s - c o r r o s i o n  r e s i s t a n t  m a t e r i a l s  were i n c l u d e d  t o  d e t e r -  

mine w h e t h e r  t h e  s t r e s s - c o n c e n t r a t i n g  e f f e c t s  o f  t h e  p i t s  

would l e a d  t o  c r a c k i n g .  Exposure  w a s  i n  t h e  pH 1 NaCl-AlC13- 

HC1 s o l u t i o n .  

No e v i d e n c e  w a s  f o u n d  t h a t  t h e  c h e m i c a l l y  p roduced  

p i t s  had  any  e f f e c t  on  t h e  s t r e s s - c o r r o s i o n  b e h a v i o r  o f  any  
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m a t e r i a l .  C r a c k i n g  o c c u r r e d  i n  2219-T37 and 7075-T6 spec imens  

i n  t imes  s i m i l a r  t o  t h o s e  r e q u i r e d  w i t h  u n p i t t e d  s p e c i m e n s .  

No c r a c k s  d e v e l o p e d  i n  2219-T87 o r  7075-T73 i n  s p i t e  o f  any  

s t r e s s  c o n c e n t r a t i o n s  t h a t  might  h a v e  e x i s t e d  a t  p i t s .  I n  t h e  

s u s c e p t i b l e  a l l o y s ,  2219-T37 and 7075-T6, c r a c k s  were a s s o c i a t e d  

w i t h  p i t s  o n l y  when t h e  p i t s  were on  b o u n d a r i e s .  Even i n  t h i s  

c a s e ,  c r a c k s  formed i n  s i m i l a r  p e r i o d s  and  i n  a s i m i l a r  manner 

on  u n p i t t e d  b o u n d a r i e s .  Two t y p i c a l  a r e a s  on  a 2219-T37 spec imen ,  

a s - c o r r o d e d  and  a f t e r  m e t a l l o g r a p h i c  e t c h i n g ,  a r e  shown i n  

F i g u r e  82. I n  t h e  f i e l d  t o  t h e  l e f t ,  o n l y  o n e  p i t  i s  a s s o c i a t e d  

w i t h  a s t r e s s - c o r r o s i o n  c r a c k ,  and t h i s  p i t  i s  a t  t h e  end o f  

t h e  c r a c k  and does  n o t  a p p e a r  t o  b e  i t s  i n i t i a t i o n  s i t e .  I n  

t h e  f i e l d  t o  t h e  r i g h t  o f  F i g u r e  8 2 ,  a c r a c k  h a s  p r o g r e s s e d  

t h r o u g h  a number o f  p i t s  on a boundary ,  b u t  p i t s  on  o t h e r  

b o u n d a r i e s  h a v e  n o t  i n i t i a t e d  c r a c k s .  It i s  c o n c l u d e d ,  t h e r e -  

f o r e ,  t h a t  t h e  p i t s  were n o t  a s i g n i f i c a n t  f a c t o r  i n  c r a c k  

i n i t i a t i o n .  

I n  t h e  i n v e s t i g a t i o n  o f  m e c h a n i c a l l y  p roduced  

i r r e g u l a r i t i e s ,  t h e  s a m p l e s  u s e d  were o f  2219-T37 and 7075-T6 

a l l o y s  s t r e s s e d  t o  75% Y e s .  i n  t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n .  

C r a c k i n g  o c c u r r e d  i n  t h e  same manner a s  w i t h  p o l i s h e d  spec imens  

and  a p p a r e n t l y  w i t h o u t  r e g a r d  t o  t h e  m e c h a n i c a l l y  p roduced  

i r r e g u l a r i t i e s .  Cracks  a lways  i n i t i a t e d  a t  b o u n d a r i e s  b u t  

n e i t h e r  s o u g h t  o u t  n o r  a v o i d e d  t h e  m e c h a n i c a l  i r r e g u l a r i t i e s .  

O c c a s i o n a l l y  a c r a c k  i n i t i a t e d  w i t h i n  a s c r i b e  m a r k  b u t  o t h e r  

c r a c k s  formed e l s e w h e r e  w i t h  e q u a l  ease .  O c c a s i o n a l l y  a c r a c k  

would p r o p a g a t e  a l o n g  a s c r i b e  mark,  b u t  i t  would do s o  o n l y  
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when t h e  b o u n d a r y  f o i i o w e d  t h e  rcark9 and  wouid d e v i a t e  f rom t h e  

mark t o  f o l l o w  t h e  boundary .  A t y p i c a l  f i e l d  on  a 7075-T6 

s p e c i m e n  i s  shown i n  F i g u r e  83. A s  s e e n  i n  t h e  u p p e r  m i c r o -  

g r a p h ,  numerous c r a c k s  h a v e  fo rmed ,  a l l  p e r p e n d i c u l a r  t o  t h e  

s t r e s s i n g  d i r e c t i o n  and  u n a f f e c t e d  by  t h e  v e r t i c a l  s c r i b e  marks .  

Two o f  t h e  c r a c k s  a p p e a r  t o  h a v e  d e v e l o p e d  f rom t h e  ends  o f  t h e  

h o r i z o n t a l  s c r i b e  m a r k s .  A s  shown by  t h e  l o w e r  m i c r o g r a p h s ,  

however ,  t h e  c r a c k s  f o l l o w e d  " f o r m e r "  b o u n d a r i e s ,  and  were 

a s s o c i a t e d  w i t h  t h e  s c r i b e  marks o n l y  b e c a u s e  t h e  s c r i b e  marks  

were  o n  o r  c l o s e  t o  b o u n d a r i e s .  Thus ,  it i s  c o n c l u d e d  t h a t  

s m a l l ,  m e c h a n i c a l l y  p r o d u c e d  s u r f a c e  i r r e g u l a r i t i e s  a r e  n o t  a 

s i g n i f i c a n t  f a c t o r  i n  c r a c k  i n i t i a t i o n ,  

E f f e c t  o f  S u r f a c e  F i l m  

The e f f e c t s  o f  n a t u r a l  o x i d e  f i l m  were n o t e d  t h r o u g h -  

o u t  t h e  c o r r o s i o n  work. F i l m s  formed i n  a i r  d u r i n g  t h e  i n t e r v a l  

be tween  p o l i s h i n g  and  e x p o s u r e  d e l a y e d  t h e  i n i t i a t i o n  o f  c o r r o -  

s i o n  o r  c r a c k  i n i t i a t i o n . ,  T h i s  w a s  p a r t i c u l a r l y  t r u e  w i t h  

s t r e s s e d  s p e c i m e n s  where  f i n a l  p a i n t i n g  and  mask ing  were done  

a f t e r  p o l i s h i n g  and  b e f o r e  e x p o s u r e .  I n  a d d i t i o n ,  i n t e r r u p t i o n s  

i n  a n  e x p o s u r e ,  n e c e s s a r y  f o r  making m i c r o g r a p h s ,  c a u s e d  a 

d e l a y  i n  t h e  r e s u m p t i o n  o f  c o r r o s i o n  and  c r a c k i n g  b e c a u s e  o f  

f i l m  f o r m a t i o n .  I n  no c a s e ,  however ,  was a n y  change  n o t e d  

e i t h e r  i n  t h e  s e q u e n c e  o f  e v e n t s  o r  t h e  mode o f  c o r r o s i o n  and  

c r a c k i n g  

I n  a p r e l i m i n a r y  q u a n t i t a t i v e  e v a l u a t i o n  o f  t h e  

e f f e c t  o f  n a t u r a l  f i l m  o n  c r a c k  i n i t i a t i o n ,  a s e r i e s  o f  

7075-T6 a l l o y  s p e c i m e n s ,  s t r e s s e d  t o  75% Y e s ,  i n  t h e  s h o r t -  

t r a n s v e r s e  d i r e c t i o n , w e r e  e x p o s e d  t o  t h e  pH 1 NaCl-AlC13-HCl 
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s o l u t i o n ,  'With d e l a y  t imes  o f  1, 5, 15 and 60 m i n u t e s ,  

c o r r e s p o n d i n g  times f o r  c r a c k  i n i t i a t i o n  were 1, 7, 19 and  

26 m i n u t e s .  W h i l e  t h e  d a t a  a r e  n o t  s u f f i c i e n t  f o r  any  f i r m  

c o n c l u s i o n s ,  t h e y  i n d i c a t e  a r e l a t i o n s h i p  s i m i l a r  t o  t h a t  f o r  

t h e  f o r m a t i o n  r a t e  of  n a t u r a l  f i l m s  on  aluminum. T h i s  s u g g e s t s  

t h a t ,  i n  t h e  a b s e n c e  o f  f i l m ,  c r a c k i n g  s h o u l d  s t a r t  a l m o s t  

i n s t a n t a n e o u s l y  and t h a t  t h e  " i n c u b a t i o n  p e r i o d "  p r i o r  t o  c r a c k  

i n i t i a t i o n  i s  t h e  t ime r e q u i r e d  f o r  t h e  c o r r o s i o n  env i ronmen t  

t o  d i s s o l v e  o r  p e n e t r a t e  t h e  f i l m .  

S u p p o r t  of t h i s  h y p o t h e s i s  i s  t h e  c a s e  o f  a spec imen  

o f  7075-T6 a l l o y ,  s t r e s s e d  t o  75% Y , S .  i n  t h e  s h o r t - t r a n s v e r s e  

d i r e c t i o n ,  which had  no v i s i b l e  c r a c k s  a f t e r  a s i x - m i n u t e  

e x p o s u r e ,  b u t  had  numerous s m a l l  c r a c k s  a f t e r  a s even-minu te  

e x p o s u r e .  I t  seems q u i t e  u n r e a s o n a b l e  t h a t  no s i g n  o f  c r a c k i n g  

would a p p e a r  d u r i n g  t h e  f i r s t  s i x  m i n u t e s  and t h a t  so  much 

would t h e n  o c c u r  d u r i n g  t h e  s e v e n t h  m i n u t e .  On t h e  o t h e r  hand ,  

i t  seems v e r y  r e a s o n a b l e  t h a t  s i x  m i n u t e s  migh t  h a v e  been  

r e q u i r e d  f o r  t h e  c o r r o d i n g  env i ronmen t  t o  d i s s o l v e  o r  p e n e t r a t e  

t h e  a i r - f o r m e d  f i l m ,  

A c o n t i n u a t i o n  o f  t h i s  l i n e  o f  r e a s o n i n g  s u g g e s t s  

t h a t  t h e  e f f e c t i v e n e s s  o f  v a r i o u s  e n v i r o n m e n t s  i n  p romot ing  o r  

p r e v e n t i n g  s t r e s s - c o r r o s i o n  c r a c k i n g  may be  c o n t r o l l e d ,  a t  

l e a s t  i n  p a r t ,  by t h e i r  a b i l i t y  t o  fo rm o r  d i s s o l v e  s u r f a c e  

f i l m s .  T h e s e  and o t h e r  f i l m  e f f e c t s  a r e  b e i n g  e x p l o r e d  more 

t h o r o u g h l y  d u r i n g  t h e  c o n t i n u a t i o n  o f  t h i s  c o n t r a c t .  

E f f e c t  o f  S t r e s s  

Toward t h e  end  o f  t h e  c o n t r a c t  p e r i o d  c o v e r e d  by  

t h i s  r e p o r t ,  p r e l i m i n a r y  e v a l u a t i o n s  were made o f  t h e  e f f e c t  
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o f  s t r e s s  level . ,  The a l l e y s  and s t a n d a r d  t e m p e r s  so f a r  

i n v o l v e d  i n  t h i s  work h a v e  e i t h e r  been  s u s c e p t i b l e  t o  i n t e r -  

g r a n u l a r  a t t a c k  and s t r e s s - c o r r o s i o n  c r a c k i n g  o r  h a v e  been  

s u b j e c t  t o  p i t t i n g  and were imm1Jne t o  c r a c k i n g .  C o n s e q u e n t l y ,  

t h e  work h a s  i n v o l v e d  o n l y  t h e  a c c e l e r a t i o n  o f  i n t e r g r a n u l a r  

c o r r o s i o n  by s t r e s s  and  t h e  c r a c k i n g  r a t e s  and c o n f i g u r a t i o n s  

a s s o c i a t e d  w i t h  s t r e s s  l e v e l .  A t t e m p t s  have  been  made t o  

d e v e l o p  i n  c o n t r a c t  m a t e r i a l s  a s u s c e p t i b i l i t y  t o  p i t t i n g  

c o r r o s i o n  i n  t h e  a b s e n c e  of  s t r e s s ,  combined w i t h  a s u s c e p t i -  

b i l i t y  t o  s t r e s s - c o r r o s i o n  c racking . ,  With such  m a t e r i a l  it 

would be  p o s s i b l e  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  s t r e s s  i n  

c h a n g i n g  t h e  c o r r o s i o n  mode f rom p i t t i n g  t o  i n t e r g r a n u l a r .  Of 

. a v a r i e t y  o f  t r e a t m e n t s  a t t e m p t e d  f o r  d e v e l o p i n g  t h e  p a r t i c u l a r  

c h a r a c t e r i s t i c s ,  none h a v e  been  s u c c e s s f u l .  I f  a d d i t i o n a l  

a t t e m p t s  now i n  p r o c e s s  a r e  n o t  s u c c e s s f u l ,  it i s  p l a n n e d  t o  

employ a C u - f r e e  Al-Zn-Mg a l l o y  f o r  t h i s  p h a s e  o f  t h e  work 

s i n c e  p i t t i n g  a t t a c k  combined w i t h  s t r e s s - c o r r o s i o n  s u s c e p t i -  

b i l i t y  c a n  b e  d e v e l o p e d  e a s i l y  i n  t h i s  t y p e  of  a l l o y ,  

The e f f e c t  o f  s t r e s s  i n  a c c e l e r a t i n g  i n t e r g r a n u l a r  

p e n e t r a t i o n  w a s  a p p a r e n t  f rom a compar i son  o f  t h e  r a t e  o f  

p e n e t r a t i o n  o f  s t r e s s e d  and  u n s t r e s s e d  s p e c i m e n s .  

compar i sons  were n o t  made for t h e  s a m e  p e r i o d s  o f  e x p o s u r e  

w i t h  a l l  m a t e r i a l s ,  t h e  s t r e s s  e f f e c t  w a s  a p p a r e n t  by compar ing  

t h e  d e p t h s  o f  s t r e s s - c o r r o s i o n  c r a c k s  s e e n  i n  c r o s s  s e c t i o n  

w i t h  t h e  s i x - h o u r  u n s t r e s s e d  c o r r o s i o n  p e n e t r a t i o n  v a l u e s  

l i s t e d  i n  T a b l e  IXo A s  e x p e c t e d ,  s t r e s s  a c c e l e r a t e d  g r e a t l y  

t h e  i n t e r g r a n u l a r  p e n e t r a t i o n  o f  t h o s e  m a t e r i a l s  s u s c e p t i b l e  

Whi l e  d i r e c t  
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t o  s t r e s s - c o r r o s i o n  c r a c k i n g ,  b u t  h a d  no a p p a r e n t  e f f e c t  o n  

m a t e r i a l s  r e s i s t a n t  t o  s t r e s s - c o r r o s i o n  c r a c k i n g .  

A d i r e c t  measurement  o f  t h e  e f f e c t  o f  s t r e s s  w a s  made 

w i t h  7075-T6 s a m p l e s .  I n  t h e  a b s e n c e  o f  s t r e s s ,  i n t e r g r a n u l a r  

and i n t e r f r a g m e n t a r y  p e n e t r a t i o n  o f  a b o u t  0.003" w a s  o b s e r v e d  

i n  a b o u t  100 m i n u t e s  i n  t h e  pH 1 s o l u t i o n .  On a c r o s s  s e c t i o n  

o f  a s i m i l a r l y  exposed  s t r e s s e d  s p e c i m e n ,  a d e p t h  o f  c r a c k i n g  

o f  0 ,032"  w a s  o b s e r v e d ,  and i t  w a s  n o t  e s t a b l i s h e d  t h a t  t h i s  

w a s  t h e  d e e p e s t  p e n e t r a t i o n .  Thus ,  t h e  s t r e s s  a c c e l e r a t e d  t h e  

p e n e t r a t i o n  by a t  l e a s t  a f a c t o r  o f  10, 

E v a l u a t i o n s  o f  t h e  e f f e c t  o f  s t r e s s  l e v e l  were made 

u s i n g  t h e  t u n i n g - f o r k  s p e c i m e n s .  I n  e v a l u a t i n g  l o w e r  s t r e s s  

l e v e l s ,  spec imens  o f  2219-T351 and 7075-T6 a l l o y s  were s t r e s s e d  

t o  50% Y,S, i n  t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n  and were exposed  

t o  t h e  NaCl-AlC13-HC1 s o l u t i o n  a t  pH 1. A t  t h i s  s t r e s s  l e v e l ,  

c r a c k s  d e v e l o p e d  v e r y  s l o w l y ,  and t h e  g e n e r a l  i n t e r g r a n u l a r  

a t t a c k  o c c u r r i n g  i n  t h i s  a g g r e s s i v e  env i ronmen t  made i t  

v i r t u a l l y  i m p o s s i b l e  t o  d i s t i n g u i s h  be tween c r a c k s  and c o r r o s i o n  

o n  t h e  p o l i s h e d  f a c e  o f  t h e  t u n i n g - f o r k  spec imens .  I n  v i ew 

o f  t h i s  d i f f i c u l t y ,  t e s t s  a t  t h i s  s t r e s s  l e v e l  h a v e  been  

p o s t p o n e d  u n t i l  a more a p p r o p r i a t e  s o l u t i o n  c a n  be  s e l e c t e d  

f rom t h e  e n v i r o n m e n t a l  s t u d i e s .  

I n  e v a l u a t i n g  h i g h  s t r e s s  l e v e l s ,  s a m p l e s  o f  t h e  

s t r e s s - c o r r o s i o n - p r o n e  a l l o y s  2219-T351 and 7075-T6, and o f  

t h e  r e s i s t a n t  a l l o y s  2219-T851 and 7075-T73, w e r e  t e s t e d  a t  

90% Y , S .  s h o r t - t r a n s v e r s e  s t r e s s .  With 2219-T351, which d i d  
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d e v e l o p  c r a c k s ,  t h e  number o f  c r a c k s  was much s m a l l e r  t h a n  a t  

75% Y.S. b u t  c r a c k s  l e n g t h e n e d  r a p i d l y ,  a s  s e e n  by  a c o m p a r i s o n  

o f  F i g u r e  84 w i t h  F i g u r e  76. A s  t h e  c r a c k s  grew,  t h e y  

a p p a r e n t l y  r e l i e v e d  t h e  s t r e s s  i n  t h e i r  v i c i n i t y ,  t h u s  p r e v e n t i n g  

t h e  f o r m a t i o n  o f  a d d i t i o n a l  c r a c k s .  The c r a c k  i n i t i a t i o n  p r o c e s s ,  

however ,  a p p e a r e d  t o  be  t h e  same a s  a t  t h e  75% Y.S. s t r e s s  

l e v e l .  Some l o c a l i z e d  p l a s t i c  d e f o r m a t i o n  was o b s e r v e d  i n  t h e  

v i c i n i t y  o f  c r a c k s ,  r e f l e c t i n g  t h e  c o m b i n a t i o n  of h i g h  s t r e s s  

l e v e l  and s t r e s s  c o n c e n t r a t i o n  a s s o c i a t e d  w i t h  t h e  c r a c k .  

Wi th  7075-T6 a l l o y ,  c r a c k s  formed and g r e w  v e r y  
'i 

r a p i d l y  a t  t h e  90% s t r e s s  l e v e l  and  were accompanied  b y  c o n s i d e r -  

a b l e  p l a s t i c  d e f o r m a t i o n  o f  t h e  m e t a l  b e s i d e  and a t  t h e  ends  of 

s m a l l  c r a c k s .  A g r o u p  of  embryon ic  c r a c k s  i n  7075-T6 a l l o y  

a r e  shown by  F i g u r e  85. Many o f  t h e  c r a c k s  c o n s i s t  o f  a number 

o f  a l i g n e d  s h o r t  s e g m e n t s ,  e a c h  a s s o c i a t e d  w i t h  a s u r r o u n d i n g  

a r e a  o f  p l a s t i c  d e f o r m a t i o n .  O t h e r s  c o n s i s t  o f  g r o u p s  and 

c l u s t e r s  o f  r a g g e d  s e g m e n t s ,  g e n e r a l l y  a l i g n e d  p e r p e n d i c u l a r  

t o  t h e  s t r e s s  b u t  n o t  a l i g n e d  a l o n g  a s t r a i g h t  boundary .  Nea r  

t h e  c e n t e r  o f  F i g u r e  85c  t h e r e  i s  e v i d e n c e  o f  p l a s t i c  d e f o r -  

m a t i o n  b u t  no a p p a r e n t  c r a c k .  

Spec imens  o f  2219-T851 and 7075-T73 s t r e s s e d  t o  90% 

Y.S. i n  t h e  s h o r t - t r a n s v e r s e  d i r e c t i o n  d i d  n o t  d e v e l o p  c r a c k s .  

With 2219-T851, o c c a s i o n a l  t i n y  c r e v i c e s  t h a t  a p p e a r e d  t o  be 

on  b o u n d a r i e s  were o b s e r v e d ,  b u t  t h e s e  n e v e r  d e v e l o p e d  i n t o  

c l e a r - c u t  c r a c k s  ( F i g .  8 6 ) .  With 7075-T73, o n l y  n o n - d i r e c t i o n a l  

c u b i c  p i t t i n g  d e v e l o p e d  ( F i g .  87) .  
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A s i n g l e  sample  of 2219-T351 s t r e s s e d  t o  90% Y.S. i n  

t h e  l o n g i t u d i n a l  d i r e c t i o n  was e x p o s e d .  B e h a v i o r  w a s  s i m i l a r  

t o  t h a t  a t  t h e  75% Y.S. l e v e l  i n  t h a t  c r a c k s  i n i t i a t e d  q u i t e  

r e a d i l y  o n  b o u n d a r i e s  p e r p e n d i c u l a r  t o  t h e  s t r e s s ,  b u t  

p r o g r e s s e d  w i t h  d i f f i c u l t y  a s  shown by F i g u r e  88, 

T h i s  p r e l i m i n a r y  s u r v e y  i n d i c a t e s  t h a t  h i g h e r  s t ress  

l e v e l s  p romote  more r a p i d  c r a c k  i n i t i a t i o n  and  p r o p a g a t i o n ,  b u t  

r e s u l t  i n  f e w e r  b u t  l o n g e r  c r a c k s  a s  a r e s u l t  o f  l o c a l i z e d  

s t r e s s  r e l i e f  a s  m a j o r  c r a c k s  d e v e l o p .  I n  a d d i t i o n ,  t h e  h i g h e r  

s t r e s s  l e v e l s  l e a d  t o  more e x t e n s i v e  p l a s t i c  d e f o r m a t i o n  i n  t h e  

v i c i n i t y  o f  c r a c k s .  I n  t h e  a l l o y s  n o t  s u s c e p t i b l e  t o  s t r e s s -  

c o r r o s i o n ,  however ,  t h e  90% s t r e s s  l e v e l  had  no e f f e c t  on 

c o r r o s i o n  b e h a v i o r  and d i d  n o t  d e v e l o p  s t r e s s - c o r r o s i o n  c r a c k s .  

E f f e c t  o f  Envi ronment  

To i n v e s t i g a t e  t h e  e f f o r t  o f  s p e c i f i c  a n i o n s  on t h e  

s t r e s s - c o r r o s i o n  c r a c k i n g  o f  h i g h - s t r e n g t h  aluminum a l l o y s ,  

s t a n d a r d  s t r e s s - c o r r o s i o n  t e s t s  were  c o n d u c t e d  i n  a wide  

v a r i e t y  o f  aqueous  s o l u t i o n s .  A p p r o p r i a t e  e n v i r o n m e n t s  were  

s e l e c t e d  f r o m  t h i s  s u r v e y  f o r  f u r t h e r  s t u d i e s  i n v o l v i n g  

o b s e r v a t i o n  and a n a l y s i s  o f  c r a c k  i n i t i a t i o n .  

T h i s  t e s t i n g  w a s  c o n d u c t e d  w i t h  4" t h i c k  2219-T37 

and 2" t h i c k  7075-T651 p l a t e .  Both p l a t e  items were  f a b r i c a t e d  

and  h e a t - t r e a t e d  a t  A l c o a ' s  Davenpor t  m i l l ,  and e a c h  i tem was 

r e p r e s e n t a t i v e  o f  commerc ia l  p r o d u c t i o n  p l a t e .  P r i o r  e v a l u -  

a t i o n  t e s t s  had  shown b o t h  p l a t e  i tems t o  be s u s c e p t i b l e  t o  

s t  res s - c o r r o s i o n  c r a c k i n g  when s t r e s s e d  s h o r t  - t r a n s v e r s  e 

s p e c i m e n s  were a l t e r n a t e l y  immersed i n  t h e  s t a n d a r d  3.5% N a C l  

s o l u t i o n .  
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F o r t y - s i x  e l e c t r o l y t e s  were s e l e c t e d  f o r  t h e s e  t e s t s  

t o  i n v e s t i g a t e  t h e  e f f e c t  o f  s p e c i f i c  i o n s  on  t h e  s u s c e p t i b i l i t y  

o f  aluminum a l l o y s  t o  s t r e s s - c o r r o s i o n  c r a c k i n g .  The e l e c t r o -  

l y t e s  c o u l d  b e  c a t e g o r i z e d  a s  f o l l o w s :  (1) h a l i d e s ,  ( 2 )  complex 

a n i o n s ,  ( 3 )  sodium c h l o r i d e  p l u s  complex a n i o n s ,  ( 4 )  sodium 

c h l o r i d e  p l u s  o x i d i z i n g  a c i d s  and ( 5 )  ammonium s a l t s .  A f e w  

m i s c e l l a n e o u s  e l e c t r o l y t e s  were t e s t e d  which would n o t  f a l l  u n d e r  

t h e s e  b r o a d  c l a s s i f i c a t i o n s .  T e s t s  were c o n d u c t e d  w i t h  1 l i t e r  

o f  s o l u t i o n  i n  c o v e r e d  d i s h e s ,  p l a c e d  i n  a n  e n c l o s e d  c a b i n e t  

m a i n t a i n e d  a t  a t e m p e r a t u r e  o f  80-85OF. S o l u t i o n  pH a d j u s t m e n t s  

were made i n i t i a l l y  a f t e r  t h r e e  and  s e v e n  d a y s  and week ly  

t h e r e a f t e r .  

S h o r t - t r a n s v e r s e  t e n s i l e  s p e c i m e n s ,  0.125" d i a m e t e r  x 2" 

l o n g , w e r e  machined  f rom b o t h  i tems  o f  p l a t e  and s t r e s s e d  i n  

t e n s i o n  by means o f  t h e  " c o n s t a n t - s t r a i n ' '  t y p e  s t r e s s i n g  f r a m e  

shown i n  F i g u r e  89. Spec imens  s t r e s s e d  t o  75% o f  t h e  a c t u a l  

s h o r t - t r a n s v e r s e  y i e l d  s t r e n g t h  were e x p o s e d ,  i n  t r i p l i c a t e ,  i n  

e a c h  o f  t h e  s o l u t i o n s .  T r i p l i c a t e  u n s t r e s s e d  spec imens  were 

s i m i l a r l y  exposed .  When a s t r e s s e d  spec imen  f a i l e d  and w a s  

removed f rom t e s t ,  a c o r r e s p o n d i n g  u n s t r e s s e d  spec imen  w a s  

a l s o  removed, c h e m i c a l l y  c l e a n e d  and t e n s i l e  t e s t e d .  Where 

f a i l u r e s  d i d  n o t  o c c u r ,  u n s t r e s s e d  spec imens  were removed a t  

common p e r i o d s  (21-23 d a y s  and 60 d a y s )  and t e n s i l e  t e s t e d  t o  

d e t e r m i n e  t h e  r e l a t i v e  c o r r o s i v e n e s s  o f  t h e  v a r i o u s  s o l u t i o n s .  

S t r e s s e d  spec imens  which c o m p l e t e d  t h e  maximum t e s t  d u r a t i o n  

o f  60 days  were a l s o  t e n s i l e  t e s t e d .  
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U n s t r e s s e d  s p e c i m e n s ,  which  h a d  b e e n  exposed  t o  e a c h  

s o l u t i o n ,  and  f a i l e d  s t r e s s e d  s p e c i m e n s  were examined m e t a l l o -  

g r a p h i c a l l y  t o  d e t e r m i n e  t h e  t y p e -  o f  c o r r o s i v e  a t t a c k  a n d  t o  

a s c e r t a i n  w h e t h e r  s t r e s s e d  spec imen  f a i l u r e s  were  t h e  r e s u l t  o f  

s t r e  s s - co r r o  s i o n  c r a  c k i ng o r  s e v e r e  co r r o  s i o n  . 
The t e s t  r e s u l t s  a r e  summar ized  i n  T a b l e s  X a n d  X I  and  

t h e  spec imen  p e r f o r m a n c e  i n  r e p r e s e n t a t i v e  t y p e s  o f  e l e c t r o l y t e s  

i s  i l l u s t r a t e d  g r a p h i c a l l y  i n  F i g u r e s  90 and  91. 

7075-T651 A l l o v  

S t r e s s - c o r r o s i o n  c r a c k i n g  o c c u r r e d  p r i n c i p a l l y  i n  t h e  

s o l u t i o n s  t h a t  c a u s e d  i n t e r g r a n u l a r  a t t a c k  o f  b o t h  u n s t r e s s e d  

and  s t r e s s e d  s p e c i m e n s .  The pH o f  t h e  s o l u t i o n  was a n  i m p o r t a n t  

f a c t o r .  I n  n e u t r a l  s o l u t i o n s ,  s t r e s s - c o r r o s i o n  c r a c k i n g  o r  

a c c e l e r a t i o n  o f  c o r r o s i o n  d u e  t o  a p p l i e d  s t ress  o c c u r r e d  o n l y  

i n  s o l u t i o n s  c o n t a i n i n g  c h l o r i d e  ( F i g .  92) and  b romide  a n i o n s .  

No s t r e s s - c o r r o s i o n  c r a c k i n g  o r  e v i d e n c e  o f  s t ress  c o r r o s i o n  

was d e t e c t e d  i n  n e u t r a l  s o l u t i o n s  o f  t h e  f o l l o w i n g  sodium s a l t s :  

s u l f a t e ,  n i t r a t e ,  p h o s p h a t e ,  i o d i d e ,  - f l u o r i d e  and ch romate .  

The p ' r o p e n s i t y  f o r  i n t e r g r a n u l a r  a t t a c k  and s t r e s s - c o r r o s i o n  

f 

c r a c k i n g  i n  t h e  v a r i o u s  s o l u t i o n s  was m a r k e d l y  i n c r e a s e d  when 

t h e y  were a c i d i f i e d  t o  pH 2 ( F i g s ,  92 and  93) .  

c o r r o s i o n  c r a c k i n g  o c c u r r e d  i n  a c i d i f i e d  s o l u t i o n s  o f  t h e  

f o l l o w i n g  sodium compounds :- c h l o r i d e ,  b romide ,  i o d i d e ,  

f l u o r i d e ,  s u l f a t e  and a c e t a t e  (pH 4 ) .  No s t r e s s - c o r r o s i o n  

Stress-  

c r a c k i n g  was e n c o u n t e r e d  w i t h  a c i d i f i e d  n i t r a t e ,  p h o s p h a t e  

and  c h r o m a t e  s o l u t i o n s  i 



-60- 

2219-T37 A l l o ~  

S t r e s s - c o r r o s i o n  c r a c k i n g  o f  2219-T37 a l l o y ,  l i k e  

7075-T651 a l l o y ,  o c c u r r e d  i n  aqueous  s o l u t i o n s  which c a u s e d  

i n t e r g r a n u l a r  c o r r o s i o n .  T h e r e  a p p e a r e d  t o  b e  no a c c e l e r a t i o n  

of  ’ c o r r o s i o n  due  t o  s t r e s s  i n  t h o s e  s o l u t i o n s  which d i d  n o t  

s up po rt i n t e r g  r a nu 1 a r c o r r o  s i o  n. 

S u s c e p t i b i l i t y  t o  i n t e r g r a n u l a r  c o r r o s i o n  and s t r e s s -  

c o r r o s i o n  c r a c k i n g  w a s  most  e v i d e n t  i n  s o l u t i o n s  c o n t a i n i n g  ” 

c h l o r i d e  i o n s ,  e s p e c i a l l y  when s u c h  s o l u t i o n s  were a c i d i f i e d  

t o  pH 2 (Fig‘. 941, A c i d i f i c a t i o n  w i t h  o x i d i z i n g  a c i d s  o r  t h e  

a d d i t i o n  of  a n  o x i d i z e r  such  a s  H202 s t i m u l a t e d  i n t e r g r a n u l a r  

a t t a c k  ‘ i n  c h l o r i d e  s o l u t i o n s .  

n o t e d  a t  e i t h e r  pH 2 o r  pH 7 i n  sodium s a l t s  o f  s u c h  a n i o n s  a s  

bromide ,  f l u o r i d e ,  n i t r a t e ,  s u l f a t e ,  p h o s p h a t e ,  c h r o m a t e ,  8 

No s t r e s s - c o r r o s i o n  c r a c k i n g  was 

I 

a c e t a t e  o r  b i c a r b o n a t e . ,  T e s t  r e s u l t s  i n  s o l u t i o n s  of  t h e  

ammonium s a l t s  w e r e  g e n e r a l l y  s i m i l a r  t o  t h o s e  o b s e r v e d  w i t h  

t h e  sodium s a l t s ,  

i n t e r g r a n u l a r  c o r r o s i o n  t o  o c c u r  i n  a c i d i f i e d  (pH 2)  s o l u t i o n s  

o f  -Na*S04 ( F i g .  951, b u t  no s t r e s s - c o r r o s i o n  c r a c k i n g  o r  

a c c e l e r a t i o n  o f  a t t a c k  due  t o  s t r e s s  w a s  o b s e r v e d  i n  t h e s e  

s o l u t i o n s .  The a d d i t i o n  o f  an  o x i d i z e r  s u c h  a s  H202 t o  a 

s o l u t i o n  o’f Na2S04 c a u s e d  some s u s c e p t i b i l i t y i , % o  stxsss- 

c o r r o s i o n  c r a c k i n g ,  b u t  the ps;lsoBa 1 f a i l u r e  i&mxhb . ,  

s o l u t i o n s  a p p e a r e d  t o .  

T h e r e  a p p e a r e d  t o  b e  a s l i g h t  t e n d e n c y  f o r  

D i s c u s s i o n  o f  E n v i r o n m e n t a l  E f f e c t  . 

I n  a n a l y z i n g  the t e s t  r e s u l t s  o b t a i n e d  i n  l c & r t a i n  

of:  t k ~ -  more a g g r e s s i v e  s o l u t i o n s ,  c o n s i d e r a b l e  d i f f i c d t y  was’ 
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e n c o u n t e r e d  i n  d e t e r m i n i n g  w h e t h e r  f a i l u r e s  h a d  r e s u l t e d  f rom 

s t r e s s - c o r r o s i o n  c r a c k i n g  o r  f rom severe l o c a l i z e d  c o r r o s i o n .  

The o c c u r r e n c e  o f  r e l a t i v e l y  l o n g - t i m e  f a i l u r e s  (1-3 w e e k s )  

f o r  2219-T37 spec imens  exposed  i n  t h e  a c i d i f i e d  c h l o r i d e  

s o l u t i o n s ,  combined w i t h  v e r y  h i g h  l o s s e s  o f  u n s t r e s s e d  spec imens  

(55-70%), s u g g e s t e d  c o r r o s i o n  f a i l u r e s  r a t h e r  t h a n  s t ress -  

c o r r o s i o n  c r a c k i n g .  I n  t h e  c a s e  o f  t h i s  a l l o y  and t e m p e r ,  

which d e v e l o p e d  s e v e r e  g e n e r a l  i n t e r g r a n u l a r  a t t a c k  t h a t  would 

be  e x p e c t e d  t o  r e s u l t  i n  q u i c k  f a i l u r e  by  s t r e s s - c o r r o s i o n  

c r a c k i n g ,  t h e  s u r p r i s i n g l y  l o n g  f a i l u r e  t imes may b e  r e l a t e d  

t o  t h e  l i m i t e d  e l a s t i c  s t r a i n  e n e r g y  o f  t h e  c o n s t a n t - s t r a i n  

t y p e  s t r e s s i n g  f r ames .  

L i f k a  and Sprawls* h a v e  shown t h a t  t h e  a v e r a g e  t e n s i l e  

s t r e s s  on  t h e  n e t  s e c t i o n  o f  spec imens  s t r e s s e d  i n  t h i s  t y p e  

f r a m e  w i l l  be  a f f e c t e d  by t h e  n a t u r e  o f  t h e  c o r r o s i v e  a t t a c k  

( F i g .  96)  e With i n c r e a s i n g  p e n e t r a t i o n  o f  l o c a l i z e d  c r a c k s ,  

t h e  a v e r a g e  t e n s i l e  s t r e s s  on t h e  n e t  s e c t i o n  i n c r e a s e s  r a p i d l y ,  

a s  w i t h  dead-we igh t  l o a d i n g ,  u n t i l  t h e  f r a c t u r e  s t r e n g t h  i s  

r e a c h e d  and t h e  spec imen  b r e a k s .  However, w i t h  g e n e r a l  

c r a c k i n g  or severe  g e n e r a l  c o r r o s i o n ,  t h e  e f f e c t  o f  l o a d i n g  

method on  change  i n  n e t - s e c t i o n  s t r e s s  i s  c o n s i d e r a b l y  

d i f f e r e n t ;  w i t h  dead-we igh t  l o a d i n g ,  a r e d u c t i o n  i n  c r o s s  

s e c t i o n  o f  a b o u t  40% w i l l  r e s u l t  i n  t e n s i l e  f a i l u r e ,  w h i l e  a 

spec imen  l o a d e d  i n  t h e  s t r e s s i n g  f r ame  c a n  b e  c o r r o d e d  

*Be W. L i f k a  and D, 0, S p r o w l s ,  " S t r e s s - C o r r o s i o n  T e s t i n g  o f  
Aluminum A l l o y  7079-T6 i n  V a r i o u s  Env i ronmen t s  ,I' ASTM 
Symposium o n  S t r e s s - C o r r o s i o n  T e s t i n g ,  J u n e  28, 1966. 
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a l m o s t  c o m p l e t e l y  away w i t h o u t  c a u s i n g  a t e n s i l e  f a i l u r e .  I t  

i s  no d o u b t  t h e  l a t t e r  s i t u a t i o n  t h a t  h a s  o c c u r r e d  w i t h  t h e  

2219-T37 i n  t h e  a c i d i f i e d  c h l o r i d e  s o l u t i o n s ,  

The same s i t u a t i o n  w a s  s u s p e c t e d  when 7075-T651 

spec imens  p i t t e d  v e r y  e x t e n s i v e l y  i n  t h e  a c i d i f i e d  c h l o r i d e  and 

a c i d i f i e d  s u l f a t e  s o l u t i o n s ,  M e t a l l o g r a p h i c  e x a m i n a t i o n  

r e v e a l e d  v e r y  l i t t l e  e v i d e n c e  o f  i n t e r g r a n u l a r  a t t a c k  o r  o f  

d e f i n i t e  s t r e s s - c o r r o s i o n  c r a c k i n g  ( F i g .  9 7 ) .  A l though  it i s  

known t h a t  a c i d i f i e d  c h l o r i d e  s o l u t i o n s  c a u s e  s t r e s s - c o r r o s i o n  

c r a c k i n g  o f  7075-T651, i n t e r p r e t a t i o n  o f  r e s u l t s  i n  t h e  

a c i d i f i e d  s u l f a t e s  w a s  l e s s  c e r t a i n  s i n c e  t h e  e x p e c t a n c y  o f  

s t r e s s - c o r r o s i o n  c r a c k i n g  i n  s u l f a t e  s o l u t i o n s  w a s  l e s s .  

T h e r e f o r e ,  i n  t h e  r e m a r k s  column o f  T a b l e s  X and X I  

a n o t a t i o n  o f  " q u e s t i o n a b l e  s t r e s s - c o r r o s i o n  c r a c k i n g "  w a s  

r e c o r d e d  i n  s u c h  i n s t a n c e s  b e c a u s e  of  t h e  u n c e r t a i n t y  o f  t h e  

c o r r e c t  i n t e r p r e t a t i o n  o f  t h e  d a t a ,  S u p p l e m e n t a r y  t e s t s  a r e  

b e i n g  s t a r , t e d  i n  t h e s e  e l e c t r o l y t e s  u s i n g  a number o f  b o t h  

u n s t r e s s e d  and s t r e s s e d  spec imens  t h a t  w i l l  be  removed a f t e r  

s e v e r a l  i n t e r v a l s  o f  e x p o s u r e  f o r  m e t a l l o g r a p h i c  e x a m i n a t i o n  

and t e n s i l e  t e s t s ,  It w i l l  be  d e t e r m i n e d  f rom t h e s e  t e s t s  

w h e t h e r  t h e  t y p e  o f  a t t a c k  changes  w i t h  e x t e n d e d  e x p o s u r e  and 

w h e t h e r  t h e  t y p e  o f  a t t a c k  i s  changed  o r  t h e  r a t e  o f  a t t a c k  

i s  a c c e l e r a t e d  by t h e  stress. ,  

C r a c k - i n i t i a t i o n  s t u d i e s  o f  t h e  t y p e  d e s c r i b e d  i n  

p r e v i o u s  s e c t i o n s  a r e  p l a n n e d  f o r  t h e  f o l l o w i n g  s o l u t i o n s :  



1 N sodium a c e t a t e  (pH 4 )  } 7075-T651 

7075-T651 
and 

2219-T37 

1 N sodium s u l f a t e  (pH 1-2) 

4 N sodium c h l o r i d e  + 0.5 N p o t a s s i u m  n i t r a t e  (pH 0.4) 
0.5 N sodium c h l o r i d e  + 0,5 N sodium c h r o m a t e  (pH 2)  

0 .5  N sodium c h l o r i d e  + 0.5 N sodium s u l f a t e  (pH 2 )  
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.. 

Y' 

CONCLUSIONS 

A t  t h e  o n e - y e a r  p e r i o d  o f  t h e  c o n t r a c t ,  t h e  f o l l o w i n g  

c o n c l u s i o n s  h a v e  b e e n  drawn.  

1. S t r e s s - c o r r o s i o n  c r a c k i n g  d e v e l o p e d  on s e l e c t i v e  

c o r r o s i o n - s u s c e p t i b l e  p a t h s  p e r p e n d i c u l a r  t o  t h e  s t r e s s ,  I n  

7075 a l l o y ,  t h e s e  p a t h s  were t h e  b o u n d a r i e s  o f  f o r m e r  g r a i n s  

( b o u n d a r i e s  o f  f r a g m e n t  c l u s t e r s ) .  I n  2219 a l l o y ,  t h e y  were 

s e r i e s  o f  r e c r y s t a l l i z e d  g r a i n  b o u n d a r i e s .  

2. Cracks  d e v e l o p e d  w i t h  e q u a l  e a s e  r e g a r d l e s s  of  

s t r e s s i n g  d i r e c t i o n ,  b u t  p r o p a g a t e d  o n l y  when boundary  p a t h s  

p e r p e n d i c u l a r  t o  t h e  s t r e s s  were a v a i l a b l e .  

3, The p ronounced  d i f f e r e n c e  i n  s t r e s s - c o r r o s i o n  b e h a v i o r  

be tween l o n g i t u d i n a l  and s h o r t - t r a n s v e r s e  s t r e s s e s  w a s  r e l a t e d  

d i r e c t l y  t o  boundary  o r i e n t a t i o n  r e l a t i v e  t o  s t r e s s i n g  

d i r e c t i o n .  T h i s ,  i n  t u r n ,  w a s  r e l a t e d  d i r e c t l y  t o  g r a i n  s h a p e ,  

d i r e c t i o n a l i t y  o f  s t r u c t u r e  and r e c r y s t a l l i z a t i o n ,  

4. D i s p e r s o i d s  and zones  h a d  no e f f e c t  on  c r a c k  

i n i t i a t i o n .  

5. D i s l o c a t i o n s  h a d  no a p p a r e n t  e f f e c t  on c r a c k i n g .  

6 .  M i c r o c o n s t i t u e n t  p a r t i c l e s  h a d  no e f f e c t  on c r a c k i n g ,  

a l t h o u g h  c r a c k s  were a s s o c i a t e d  w i t h  s u c h  p a r t i c l e s  when t h e y  

were l o c a t e d  on b o u n d a r i e s ,  

7. Boundary p r e c i p i t a t e  p a r t i c l e s  h a d  no d i r e c t  e f f e c t  

on c r a c k  deve lopmen t ,  b u t  t h e i r  f o r m a t i o n  accompanied t h e  

f o r m a t i o n  o f  t h e  c o r r o s i o n - s u s c e p t i b l e  p a t h s .  

8. C h e m i c a l l y  p roduced  p i t s ,  m e c h a n i c a l  s c r a t c h e s ,  and  

p i t s  formed by d i s s o l u t i o n  o f  c o n s t i t u e n t  p a r t i c l e s ,  d i d  n o t  
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a c t  a s  c r a c k - i n i t i a t i o n  s i t e s ,  a l t h o u g h  t h e y  were  a s s o c i a t e d  

w i t h  c r a c k s  i f  t h e y  were l o c a t e d  on  a boundary .  

9. I n c r e a s i n g  t h e  s t r e s s  l e v e l  r e d u c e d  c r a c k - i n i t i a t i o n  

t i m e  and t h e  number o f  m a j o r  c r a c k s ,  b u t  d i d  n o t  a l t e r  c r a c k  

f o r m a t i o n  o r  d e v e l o p m e n t .  Even t h e  h i g h e s t  s t r e s ses  d i d  n o t  

p r o p a g a t e  c r a c k s  f rom l o n g i t u d i n a l  s t r e s ses  b e c a u s e  o f  h i g h l y  

u n f a v o r a b l e  boundary  o r i  ent.a t i o  n e 

10. N a t u r a l  f i l m  f o r m a t i o n  r e t a r d e d  c r a c k  i n i t i a t i o n .  

11. I n  e n v i r o n m e n t a l  s c r e e n i n g  t e s t s ,  s t r e s s - c o r r o s i o n  

c r a c k i n g  o c c u r r e d  p r i m a r i l y  i n  c h l o r i d e  s o l u t i o n s  and w a s  

a c c e l e r a t e d  by a c i d  pH. S e v e r a l  e n v i r o n m e n t s  were  s e l e c t e d  

f o r  m i c r o s c o p e  s t u d i e s  o f  c r a c k  i n i t i a t i o n ,  i n c l u d i n g  one  

which  i n v o l v e d  a c o m b i n a t i o n  o f  p i t t i n g  u n s t r e s s e d  and s t r e s s -  

c o r r o s i o n  c r a c k i n g  o f  7075-T6 a l l o y ,  



-66- 

a 
4 

0 

4 
4 

0 

a 
0 

0 

4 
0 

0 

0 
0 

0 

01 
0 

0 

a 
01 

0 

a3 

Lo 

m 
4 

0 

0 
4 

0 

0 
0 

0 

4 
0 

0 

Lo 
0 

0 

L c  
0 

a 

CT 
4 

0 

r-i 
Lo 

CJ 

m 
0 

0 

0 * 
4 

a3 
0 

0 

Lo 
0 

0 

0 
0 

0 

0 
0 

0 
0 

* 
0 

0 

m 
Lo 

Lo 

0 
0 

0 

4 * 
nl 

4 
0 

0 

a3 m 
4 

a3 
0 

0 

Lo 
0 

0 

L o o  
r - r -  o m  
r - r -  

X 

m 
4 m 

0 

0 * 
0 4  

C J C O  m m  

0 

a 
b 

I 
Lo 

0 r- 
r- 

m 
r- 

Lo 
t- 
0 
r- 

t; 

ccr 
0 m * 
Lo 

m 
a r -  
b b  

I I 
L o L o  
r - r -  m m  
t - r -  x x  



-67- 

TABLE I1 

T ENS IL E PROP ERT I E s ( 1 

Elong e 

L 
Yield S t r .  

k s i  
T e n s i l e  S t r .  

k s i  
Spec 

No 0 

Alloy a n d  
TemDer Di rec t ion  

41.0 
36.0 
34.0 

20.0 
19.0 
11.0 

240326A 2219-T351 Long 
Long T r a n s ,  
Shor t  T r a n s .  

57.2 
56.9 
52.8 

61.3 
61.0 
56.8 

52.7 
45.7 
44.0 

14 .5  
13.0 

7.0 

240327A 221 9 -T37 Lonq 
Long T s a n s .  
Short  T r a n s .  

67.7 
67.8 
63,8 . 

11.0 
9 . 5  
5 .5  

240326B 2219-T851 Long 
Long Trans.  
S h o r t  T r a n s ,  

54.4 
52.6 
51,6 

60.6 
59.1 
57.0 

9.0 
8 .5  
3.0 

240327B 2219-T87 Long 
Long T r a n s .  
Shor t  T r a n s .  

71.1 
70.3 
62.4 

295490A 7075-T6 Long e 

Long T r a n s ,  
S h o r t  T r a n s .  

84.7 
82 .3  
80,6 

73.1 
70.7 
67.4 

10.5 
11.5 
10.0 

295490B 7075-T73 Long. 
Long T r a n s .  
S h o r t  T r a n s ,  

75.2 
73.9 
72.6 

63 .3  
62.4 
60.4 

12.5 
11 .0  

8 .0  

X7375-T6 Long 
Long T r a n s .  
Shor t  T r a n s .  

77.2 
76.8 
73.9 

70.2 
69.0 
63.1 

6.0 
6.0 
7.0 

295474A 

295474B X7 37 5-T 73 Long. 
Long Trans.  
Shor t  T r a n s .  

75.1 
75.2 
73.3 

68.2 
69.2 
67.4 

6 . 5  
5 .5  
6.0 

(1) 0.125" diameter specimens with gage length  approxi- 
mately 1" from s u r f a c e  of p l a t e  and  a t  l e a s t  1" 
from edge. 
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TABLE I11 

Spec .  No, 

240326A 
240327A 
240326B 
240327B 

29549014 
295490B 

295474A 
295474B 

SOLUTION POTENTIALS OF ALUMINUM ALLOY PLATE (1 1 

Sodium Chloride-Hvdroaen P e r o x i d e  S o l u t i o n  

A l l o v  and Temper 

2219-T351 
2219-T37 
221 9 - T 8 5 1  
2219 -T87 

7075-T6 
7075-T73 

X7375-T6 
X7375-T73 

P o t e n t i a l  (-mv) ( 3 )  

687 
687 
803 
815 

828 
843 

827 
8 29 

Methyl Alcohol-Carbon T e t r a c h l o r i d e  S o l u t i o n ( 4 )  

Spec.  No. A l l o y  and Temper P o t e n t i a l  (-mv) ( 5 )  

240326A 
240327A 
240326B 
240327B 

2219-T351 
2219-T37 
2219 -T851  
2219-T87 

345 
365 
950 

1040 

(1) Specimen l o c a t i o n  1" below p l a t e  s u r f a c e .  

( 2 )  57 g/1 N a C l  + 10 m l / l  30% H 2 0 2 .  

( 3 )  S t e a d y  v a l u e  v s  0.1 N Calomel E l e c t r o d e .  

( 4 )  7 : 3  m i x t u r e  o f  MeOH and CC14 - Method 
developed  under  C o n t r a c t  NAS8-5340. 

(5 )  T h i r t y - m i n u t e  v a l u e  vs s a t u r a t e d  Calomel. 
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TABLE V I 1  

Spec. 
No 

323038 

323039 

322720 

322721 

TENSILE PROPERTIES OF A D D I T I O N A L  LOTS 
OF 2219 AND 7075 ALLOY P L A T E ( 1 )  

A l l o y  a n d  
TemDer 

2219-T37 

221 9 -T87 

7075-T651 

7075-T7351 

Di rec t  i o n  

Long 
Long T r a n s .  
Short  T r a n s .  

Long 
Long T r a n s .  
Short  Trans.  

Long 
Long T r a n s .  
Shor t  T r a n s .  

Long 
Long T r a n s ,  
Shor t  T r a n s .  

T e n s i l e  S t r .  
k s i  

51,7 
53.2 
5 2 , 3  

68 -0  
67,6 
6 4 , 8  

85.8 
81.5 
73.0 

7 3 - 3  
7 1 , l  
64 ,9  

Yield S t r .  
k s i  

43.6 
40.2 
39,O 

56.0 
55.3 
55.5 

76,8 
72.3 
67.1 

62.0 
60,O 
5 7 , l  

E l o n g  

20.0 
14,O 
12.0 

_% 

10.0 
8 .0  
5 .0  

9,O 
8.0 
2 ,o  

11,o 
8.5 
4.0 

(1) Commercially f a b r i c a t e d  2,5"  p l a t e ,  
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TABLE V I 1 1  

ST RE SS - CORROSION PROP ERT I ES 0 F ADDIT IONAL 
LOTS OF 2219 AND 7075 ALLOY PLATE(1) 

A l l o y  and 
Spec.  No. T e m D e r  S t r e s s  - % YS F / N ( ~ )  Days 

323038 2219-T37 

323039 2219 -T87 

322720 7 07 5 -T 6 5 1 

75 3/3 29 29 2 
50 3/3 29 29 3 
25 3/3 3, 4, 84 
15 2/3 84, 84, OK-84 

75 0/3 OK-84 

75 3/3 29 2, 3 
50 3/3 2, 3, 3 
25 3/3 39 4 9  6 
15 3/3 5, 69 7 

322721 7075-T7351 75 0/3 OK-84 

(1) 0.125" d i a .  s h o r t - t r a n s v e r s e  s p e c i m e n s  

(2) Specimens  f a i l e d / s p e c i m e n s  e x p o s e d .  

e x p o s e d  t o  3.5% N a C l  by a l t e r n a t e  immers ion .  
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TABLE I X  

DEPTH OF ATTACK I N  SIX-HOUR EXPOSURE 
TO NaC1-A1C12-HC1 SOLUTION 

A l l o y  a n d  T e m D e r  

2219 -T351 
2219 -T 851 

2219-T37 
2219-T 87 

7075-T6 
7075-T73 

X737 5 -T 6 
X7375-T73 t y p e  

Max. Depth 

0 006" 
0,012t t  

0 006" 
0,018" 

0.007" 
0 006" 

0 008" 
0 0 020" 
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Solutio" 

Halide Anions 

1 N  NaCl 

1 N  NaBr 

1 N  N a I  

1N KHF2 
1 N  N a F  

Complex Anions 

1 N  NaW3 

lN N a p &  

1 N  Na$iOg 

0.5N Na@% + 0.5N NaND3 

0.5N Nagoh + 0.5N Na$rOh 

N o n i ~ l  
pII 

2 
7 
2 
7 
2 
7 
2 
7 

2 
7 
9 
2 
7 
9 
2 
7 
9 
2 
7 
2 
7 
9 

n r 1  
9 
h 
h 
h 

Sodium Chloride plus Ondizing Acids 

lN N a C l  2 
2 
2 
2 

bN NaCl + 0.5 KNO3 0.4 

Swllum CNoride plus Cmplax Anions 

0.5N N & l  + O S N  NatlOg 2 
7 

0.5N N a C l  + 0.5N Nagoh 2 
7 

0.5N N a C l  + 0.3 NagCrOL . 2 
7 

Amonim S a l t s  

7 
7 
7 
7 

Miscellaneous 

Nom: 

TABLE X 

FSISTANCE TO STRSS-COW1OGlON CRACKING ITF AUJMINUM ALIDYS I N  VARIOUS AQUEOUS SOLUTIONS 

707j-T651 Alloy - Short-Transverse Tensile Specimna, 0.1251' Oia. 
Tensile Strength - 79.3 ksi; Yield Strength - 68.3 ksi; % El. - 3.0 

Actual 
PH 

!&%L 

2.0-2.b 
5.2-7 .O 
2.0-2.3 
5.1-7.0 
2.0-3.0 
5.2-7.0 

2.0 
7.0-7.5 

2.0-3.9 
5.0-7.0 
5.3-9 .O 

2.0 
7.0 

8.h-9.0 
2.0-2.2 
5.3-7.0 
5.8-9.0 
2.0-2.7 
5.0-7.0 
2.0 
7 .O 

9 .Q-9.7 
1.0 

8.h-8. j 
h.0-4.2 
L. 0 
l .0  

-_ -_ -_ 
2.0-2.h -- 

2.0-3.0 
5.0-7.0 
2.0-2.2 
5.2-1.0 
2.0 
7.0 

6.5-7.0 
6.2-7.0 
6.2-7.0 

7.0 

-- -- -- 
2.0-2.3 

Stressed 75% Y.S. 
% Loss Type of 

F /N - 

313 
213 
313 
1/3 
313 
0/3 
3/3 
0/3 

0/3 
0/3 
0/3 
013 
013 

013 
013 

0/3 
013 
013 
0/3 

0/3 
013 
013 
3/3 

;%) 
3/3(6) 

3/3(6) 

313 
313 
3/3 
2/3 
313 

313 
213 

3/3 
2/3 

3/3(6) 
3/3(6) 

313 
0/3 
0/3 
0/3 

313 
313 

$$6) 

Days 

3.%9 
21,h7(OK-60) 
6,10,13 
15(2 OK60) 
7,12.18 
OK60 

OK60 
5.3,LZ 

OK60 
OK60 
OK60 
OK60  
OK64 
24,2>, 32 
39,h0,41 
OK60 
OK60 
h7,56,60 
OK60 
OK60 
OK60 
OK60 
15,17,20 
OK60 
0 ~ 6 0  
OKhh 
h,6.13 

Attack( 2, Days 

3,3 
21,60 
6,13 
1 5 , a  
7,18 
60 
5 42 
21,60 

21,60 
21,60 
21,60 
2 1 , a  
21,60 
21,32 
211,h7 
21,60 
21 60 

21,60 
21 60 

21,60 
15,17 
2 1 , a  
21,60 
21 
h , l3  

21160 

21160 

1,1 
1.2 
1 9 1  
21,60 
1J 

7,9 
21,m 

&60 

15J8 
21,60 
21,60 
21,60 

2 

Fig" 

3,3 
223 
15 , s  
el,& 

% LOSS 
in  1s - 

Unstressed Specimens 
Type of 
Attackf2) 

P +  I 
P 

P +  IF 
P 

P +  IF 
P 
P 

N.R.A. 

P 
P 
P 

N.A.A. 
N.A.A. 
I.A.A. 

P 
P 
P 

P +  IF 
P 
P 

N.A.A. 
N.A.A. 

P 
P 
P 

P 
_ _  

P +  I 
P +  I 
P + I  
P + IT 
P I  IF 

P + I F  
P 
P 
P 

N.A.A. 
N.A.A. 

P + I  
N.A.A. 
N.A.A. 
N.A.A. 

P + I  
P +  I 
P 
P 

! 

-- 
Black 
Red 
None 
N O W  
None 
Red 
None 

Visual Exmlmtion 
Loeahaad 
:orrosi on(&) 

Red 
D u l l  Regions 
Dull Regions 

None 
None 
None 
Red 
Gray 
Oray 
Red 
D u l l  
Gray 
None 
Gray 
Red 
Gray 
Red _- -- 

None 
D u l l  
Black 
Oray 
None 
NOW 

Gray 
None 
None 
None 

-- -- 
GmY 
Red 

2b 
1 
2a 
1 
2a 
1 
2a 
1 

2a 
1 
1 
1 
1 
1 
3b 
1 
1 
3b 
1 
2b 
1 
1 
3.9 
1 
1 
1 -- 

To 
To 
2b 
1 
2a 

2a 
2a 
1 
1 
1 
1 

2b 
1 
1 
1 

2b 
2b 
Za 
P 

Plate Chemical Composition, Weight Per Cent 
2 L F e C u a n 2 L c r N i Z T ' L  n i e  

.W .PO 1.62 .& 2.63 .17 .oO 5.92 .02 .001 

(1) Results are the average of tests of those specbns which did not f a i l ,  unless more than OW value is sham due t o  divergent results. 

(2) Vyp of attack: 

(3) Wet surface f i lm observed a t  temination of naxinann exposure i n  individual solutions. 

(h) Lacalieed corroeion: 1 = negligible; 2 = mild; 3 = ~ e v e m ;  a 5 random; b = directional. Ratings based upon appearanoe after maximum exposure t m e  i n  each solution. 

(5)  Failure accurred outside the reduced section a t  the edge of or beneath the cellulose acetate coatrng used t o  coyer all  pwts of the s t ress ing frane. 

(6) Stress-corrosion cracking questionable because of Ngh los s  i n  strength unstreesed. 

1.11.1. - No Appreciable Attacks P = Pitting; P + I = Fit t ing Plus Intergranular; P + IF = Pit t ing Plus Intarfrqmentery. 
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Solutio" 

Halide Anions 

1 N  NaCl 

1 N  NaBr 

lN NaI 

1 N  K H F  
1 N  NaF2 

Complex Aruurrs 

1 N  NaW03 

lN Na CrO 
$12 4 

1 N  Na@h 

0.5N N:@Oh + 0.5N N8NO3 

O.5N NaPOh + 0.5N,;Na.#rOq 

1 N  NaHC03 
1 N  NaBO 
lN Na2HFhh 
1 N  NaH2pOb 
lN NaH2m4 
1 N  NaC2HP2 

Nominal 
PH 

2 
7 
2 
7 
2 
7 
2 
7 

2 
7 
9 
2 
7 
9 
2 
7 
9 
2 
7 
2 
7 
9 
1 

4' 
4 
4 

Sodim Chloride plus Oxidieing Acids 

1 N  NaCl 2 
2 
2 
2 

0.4 LN N a C l  + 0.5s K N O j  

Sodium Chloride plua Complex Anions 

O.5N NaCl * O.SN NaNOg 

0.5N NaCl + 0.5N NazS04 

0.5N NaCl + 0.5N NagrOh 

Amonim S a l t s  

Miscellanenua 

lN NaCl + 10 mlh 3$ H& 
lN N a C l  + 1 N  A l C l  
lN Na@Oh + 10 m d  wb H& 
IN N a S O q  + lN Al(SOq)9 

2 
7 
2 
7 
2 
7 

7 
7 
7 
7 

5.5 

5.8 

TABLE X I  

RESISTANCE To STRFSS-CORROSION CRACKIN3 OF AWMINLM ALWYS IN VARIOUS AWEUUS SOUJTIGNS 

2219-T37 Allay - Short-Tranaverse Tensile Specunens, 0.125" Oia. 
Tensile Strength - 57.9 kai; Yield StreOgth - U . L  k s i ;  % E l .  - 8.0 

Actual 
PH 

Range 

2.0-2.L 
5.0-7.0 
2.0-4.3 
5.4-7.0 
2.04.3 
5.9-7.0 

2.0 
7 .o-7.6 

2.0-3.8 
5.L-7.0 
6.7-9.0 

2.0 
7.0 

8.2-9.0 
2.0 

5.5-7.0 
6.0-9.0 
2.0-2.8 
5.0-7.0 
2.0-2.1 

9.4-9.8 
1.0-1.L 
8.L-8.7 
h .2-4.3 

4.0 
4.0 

7.0 

_ _  
2.0-2.5 
2.0-3.6 
2.0-2.3 -- 

2.0-3.1 
5.2-7 .O 
2.0-3.9 
5.5-7.0 

2.0 
7.0 

6.L-7.0 
6.L-7.0 
6.2-7.0 
7.0 

_ _  
2.0-3.0 

2.0 
-- 

3/3 19,19,19 
3/3 26,28,33 
0 / 3  OK-60 
0 / 3  OK-& 
(6) -- 
0/3 OK-60 
0 / 3  OK-& 
0 / 3  OK-60 

0 / 3  OK-60 
0 / 3  O K - ~ O  
0 / 3  OK-& 
0 /3  OK-60 
0 /3  OK-60 
0 / 3  OK-60 
0 / 3  OK-60 
0 / 3  OK-60 
0 / 3  OK-& 
0 / 3  O K - ~ O  
0 / 3  OK-60 
1/3 60(.;)(2 0 ~ 6 0 )  
0 / 3  OK-60 
0 / 3  OK-60 
0 / 3  OK-60 
0 / 3  OK-60 
0 / 3  OK-60 
0 / 3  Ox-hj 
0/3 O K 4 5  

3/3 7,7,7 
3/3 8,8,8 
3/3 8,8,8 

0/3 OK-& 
0 / 3  OK-60 
(6) -- 
313 3,6,18 
2/3 1,1(0~60)  
2/3 L,33(0K&) 

3/3 19,23,?A 
0/3 OK-& 
0/3 OK-& 
0/3 OK-& 

19 65 
26,33 6.40 
21,60 21,22 
21,60 13,16 
21 10 

21.60 0,L 
21,60 7,8 
21.60 4,L 

I 56 I 
B j 0  I 
8 71  I 

60,60 10,21 I 
1 76 I 

L1,60 5,12 P * I 
2 ~ 6 0  h , ~  ? 

21 86 I 
3.18 2 Y , B  P 

1 10 I 
23,6o 7,; N . A . A .  

22,% 32,& I 
22,60 1,l N.A.A.  
22,& 1 , 2  N . A . A .  
22,& b , 3  N.A.A.  

R0d 
Black 
Red 

NO"* 
None 
Red 
None 

Gray 

Black 
Gray 
Grey 
NO"* 
Nolle 
NO"* 
Black 
Gray 
a ray 
Red 
D u l l  
Bhck 
n0"3 
Gray 
Red 
Gray 
Black __  _ _  

Red 
Red 
Red 
None -. 
Red 

Red 

None 
None 

oray 

orey 

n0"t7 
None 
N O W  
None 

2b 
1 
2e 
1 
1 
2a 
2a 
1 

1 %  

1 
1 
1 
1 
1 
2a 
1 
1 
b 
1 
2a 
1 
1 
3a 
1 
1 

2b 
1 
1 
1 

Plate Chemical Composition, Weight Per Cent - -  Si F e ~ & & c r ~ & ~ ~ &  

.11 .19 6.03 .26 .02 .oO .01 .02 .Oj .lo .16 

MOTES2 (1) .&sults are the average of b a t 8  a f  those specimens which did not f a i l ,  unless mora than one value is shown due t o  divergent results.  

(2) Type of attack: N.A.A. - No Appreciable Attack; P - Pl t t ing i  I = Intergranular; 

(3) Wet surface f i l m  observed a t  ternrimtion of mximum expoaurs in individual Bolutim8. 

(h) Localized oorroeioni 1 li negligible; 2 - arildi 3 = severe; a = random; b = directional.  Ratings based upon appearance a f t e r  maximum exposure time i n  each eolution. 

(5) Failure occurred outaide the reduced eaction a t  the edge of or beneath the sellulaee acetate coating used t o  cover all parts of &he stcesaing frame. 

(6) Stressed data invalidated due t o  breakdam of protective coating on stressing frame. 

P + I = Pitt ing Plus Intergranular. 
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Keller's Etch lOOX 
Microstructure of 2219-T351 Plate 

Trans. Sec. 
XZ Plane 

Long. Sea. 
YZ Plane 

Figure 1 



Keller's Etch 
- 

Figure 2 

Trans. Sec. 
XZ Plane 

Long. Sec. 
YZ Plane 



Trans. See. 
XZ Plane 

Long. Sec. 
YZ Plane 

A s  Polished 500X 
Distribution of Micro-constituents 
in 2219-T351 Plate. 

Figure 3 



Keller's Etch lOOX 
Microstructure of 2219-T851 Plate 

Trans. 
xz PI 

See. 
,ane 

Long. See. 
YZ Plane 

Figure 4 



5QQX 
ructure of 22 

Trans. SeC. 
XZ Plane 

Long. 
YZ P 

Sec. 
'lane 

Figure 5 



Keller’s Etch lOOX 
Microstructure of 2219-T87 Plate 

Trans. Sec 
XZ Plane 

Long. 
YZ P 

Sec, 
’lane 

pigwe 6 



Keller's Etch 500X 
Precipitate Structure of 2219- T87 
Plate. 

'Figure 7 

Trans, Sec. 
XZ Plane 

Long, Sec. 
YZ Plane 



149526 
149527 

Trans. Sec. 
XZ Plane 

Long. See. 
Y!Z P l a n e  

Keller's Etch lOOX 
Microstructure. of 7075-6 Plate 

Figure 8 



7075-T6 
Alloy 

7075-T73 
Alloy 

Keller s Etch 500X 

Microstructure of Longitudinal Sections of 
7075 Alloy Plate at. H i g h e r  Magnification. 

160141 
160142 

Figure 9 



149491 
U9492 

As Polished 500X 

Trans See. 
X Z  Plane 

Distribution of Micro-const ituents 
in 7075-T6 Alloy Plate 

Figure 10 

Long. Sec. 
YZ Plane 



Keller's Etch lOOX 

Iviicrostructwe of ~ 7 3 7 5 - ~ 6  P l a t e  

149732 
149733 Figure 11 

Trans. Sec. 
XZ Plane 

Long. See. 
YZ P l a n e  



Keller's Etch 500X 

Precipitate Structure i n  Longitudinal 
Section of X7375 Alloy after T73-type 

Artificial Aging Treatment 

Figure 12 

160136 



Electron Trans mission Microstructure 
of 2219-T351 Plate. 

Figure 13 



Electron Transmission Microstructure 
of 2219-T37 Plate. 

Figure 14 



Figure 15 



Electron Transmission Microstructure 
of 2219-T87 Plate. 

Figure 16 

f 



Electron Transmission Microstructure 
of 7075 Plate in W Temper 



Electron Transmission Microstructure 
of 7075-6 Plate Showing Dislocation Structure 

Figure 18 

EM807 



Electron Transmission Microstructure 
of 70'75-T6 P l a t e  Showing Zone and 

Prec ip i ta te  Structures 

Figure 19 



Electron Transmission Microstructure 
of 7075 Plate in T73 Temper 

Figure 20 



Electron Transmission Microstructure 
of X7375 Plate in W Temper Showing 

Boundary P recipi t at es 

Figure 21 

EM842 



E l e c t r o n  T r a n s m i s s i o q  Mi restructure of X7375 P l a t e  in T 8 Temper 

Figure 22 



Electron Transmission Microstructure 
of X7375 Plate in T73-type Temper 

Figure 23 
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6 Minutes 22 Minutes 

40 Minutes 50 Minutes 

500X 

Progressive Corrosion of Unstressed 2219- 
te  in NaC1-A1C13-HCl Solution. 



5 Minutes 20 Minutes 

30 Minutes 60 Minutes 

500X 

Progressive Corrosion of Unstressed 2219- 
T37 Plate in NaCI-AlCl,=HCl Solution. 



2 Minutes 20 Minutes 

32 Minutes 50 Minutes 

500X 

Progressive Corrosion of Unstressed 2219- 
T851 Plate in NaCl=AlC~,-WCl Solution. 

Figure 28 
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3 Minutes 18 Minutes 

23 Minutes 40 Minutes 

500X 

Progressive Corrosion of Unstressed 2219- 
T87 Plate in NaCI-,AlC&=HCl Solution. 

Figure 29 
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Development of intergranular attack 
in unstressed specimen of 2219-T351 plate 
as seen in cross section (X5OO) Keller's Etch 

Figure 34 

30 

60 

min. 

min. 



150 min. 

Development of cellular pitting 
corrosion in unstressed specimen of 
2219-T851 plate as seen in cross section 
(X500) Keller's Etch 

Figure 35 
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Oxide Replica 

Penetration of intergranular attack in 
unstressed specimen of 22lg-T35l alloy 

F i w e  39 



, 

Oxide Replica 10, ooox 

Intergranular penetration in unstressed 
specimen of 2219-T37 alloy 

Figure 40 
I 



Oxide Replica 20, 000x 

Unstressed Corrosion of 2219-T851 Plate. 

on boundary. White markings represent 
precipitate plates. 

Note cubic pitting with some concentrations 

Figure 41 



Oxide Replica 5, OOOX 

Cubic pitting surrounding constituent 
particle in 2219-T87 plate 

Figure 42 



Oxide Replica 
1 I  

5, ooox 

Intergranular penetration along boundary 
of unstressed 7075-6 specimen. Note 
angular shape of' corrosion front and of 
grain faces, indicating cubic pitting mode 

Figure 43 



Oxide Replica 2, ooox 

Cubic pitting characteristic of unstressed 
corrosion of 7075-T73 plate 



Oxide Replica 5, ooox 
Intergranular penetration in unstressed X7375-T6 

Figure 45 
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Stress Corrosion Test Specimen 
Prepared for Exposure 

Figure 48 

160632A 
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t 
I 

Selection of favorably oriented 
boundaries by propagating crack. 

Cracks avoiding microconstituent particles. 

Crack 
short 

development in 2219-T351 stressed 
transversely to 7% Y.S. ( ~ 9 0 )  

Figure 51 
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-Stress - 

Crack initiation in 7-1xLnute exposure of 7075-6. 
Stressed short transve??sely t o  7% Y.S. (X100) 

Figure 54 
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As Corroded 

Keller s 
Etch 

Crack ini t ia t ion on "former" boundary of 
7075-T6 stressed 7'5% Y.S. short transversely (X5OO). 

p i w e  57 
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- STRESS- 

Stress corrosion crack penetration after 
60 minutes i n  22193951 mecirnen stressed 
t o  75% YS i n  short t%nsv&se direct ion 
(X500) Keller s e tch  

Figure 61 



4- STRESS- 

Penetration of stress corrosion 
crack after 30-minute exposure 
of 2219-T37 specimen stressed 
short transversely to 75% YS. 
(XfZOO) Keller s Etch 

Figure 62 



4- STRESS- 

Corrosion penetration in 2219 a l loy  
specimens stressed to 75% YS in 
short transverse direction (X500) 

2219-T87 
90 min. 
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Oxide Replica 5000X 

Stress corrosion crack development during 
7-minute exposure of 7075-6 specimen stressed to 
75% YS in short transverse direction. 
and cubic conf'igurations within crack 

Note veining 

Figure 66 



Oxide Replica 5000X 

Embryonic cracks in same specimen as Fig.. 66 
7075-T6 - 7 minute exposure 

- 



Oxide Replica 50, OOOX 

Penetration at pits along boundary.. 
P i t s  m e  probably result of attack of 
M-phase particles' on b o d a r y .  

F i  68 



Oxide Replica 5000X 

Crack penetration along boundaries 
of 2219-T351 stressed short transversely 
to 7% YISO 

Figure 69 
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Oxide Replica 20, ooox 

Cubic penetration along 
boundaries of X7375-T6 stressed 
7% Y.S. short transversely. 

Figure 70 



Oxide Replica 10, ooox 

Boundary penetration from 
pits resulting from pmcipitate 
paptic$@ dissolution. 7075-!F73 
stressetl 7% Y.S. short transvertqefy, 

Figure 71 
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-Stress - 

Difficulty of crack penetration 
i n  2219 alloy stressed 758 Y.S. 
_SonR%tudinallg (X5OO). 

Figure 74 

T351 
Temper 

T37 
Temper 



-Stress - 

Cross section of 7075-6 stressed 
75% Y. S. l o rg i tud ik l ig  (X500). 
did not propagate because boundary 

Crack 

orientation- d a v o r a b l e .  
- 



-Stress - 

Crack develoment i n  2219937 stressed 
75% Y.S. short-transuerselg (XIOO)t . Compare 
t o  Fig. 77. 

Figure 76 



-Stress - 

Stress corrosion cracks developed in 25-minute exposure; 
on surface of 2219-T37 specimen stressed lol[laitudj,wJ-lg tg 
7% Y. $ e  (X100). Compare to Fig. 76 



4 . -.-.Stress - 

Cracks developed i n  7075-T6 stressed 7% Y.S. 
short transversely (100X). Compare t o  Fig. 79. 

Figure 78 
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Cracks developd in 7075-6 stressed 7% Y.S. lowltudimlly 
(1OOX) . 
in specimen. 

Gracks pa.rs,llel to stress caused by bOaxlal gtrfqsa 
Compare with Fig. 78. 

Figure 79 





- Stress - 

Crack develapment in rr7375-T6 stressed 
-to 7% Y.S. longitudinally (X500). 
Corrqmrs withFig. 60. 

Figure 81 
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7075-46 stressed to gO$ Y.S. longitudinally (XlOO) 

Figure 88 



Actual size photograph of an 0.125 in. 
diameter x 2 in. long threaded-end 
tension specimen (top) together with a 
similar specimen assembled in an Alcoa 
It cons t a t  deformat ion” type stressing 
frame (bottom) 
with a strippable cellulose acetate 
coating to prevent electrochemical effects 
between specimen and frame. 

The latter was covered 
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Etch: Keller's 25x 

Stressed 75% Y.S. - Failed 21 days 

Etch: Keller s 500X Etch: Keller's 5OOX 

Unstressed - 21 days Stressed 7% Y.S. 
Failed 21 days 

7075-651 exposed to IM NaCl pH7 

Figure 92 



Etch: Keller s 25x 
Stressed 7% Y.S. - Failed 3 days 

Etch: Keller's 500X 

Qnstressed - 3 days 
Etch: Keller 1 s 500X 

Stressed 7% Y.S. 
Failed 3 days 

7075-!651 exposed to IN NaCl pH 2 (HC1) 



Polished 10 

;Unstressed - 19 days b 

As Polished lOOX 

Stressed 75% Yes. - Failed 19 days 

2219-T37 exposed t o  23 N a C l  pH 2 (HCl) 
/ 

Ffgure 94 



Etch: Keller's lOOX 

Etch: Keller s 500X 

Unstressed - 22 days 

2219-T37 exposed to I N  Na2S04 pH 2 (H2SOs) 

Figure 95 
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FIGURE 96 
EFFECT OF LOADING METHOD AND EXTENT OF CRACKING 
ON AVERAGE NET SECTION STRESS : 



Et chr Keller s 25x 
Stressed 75% Y.S. - Failed 47 days 

Etch: Keller s lOOX Etch: ICeller I s lOQX 
Unstressed 47 days Stressed 75% Y.S. 

Failed 47 days 

7075-T651 exposed to IN Na2S04 pH 2 (H2S04) 

Figure 97 
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